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ABSTRACT 
 
Investigation of the Z-Binder Role 
in Progressive Damage of 3D Woven Composites 
 
Néstor A. Castaneda López 
Antonios Kontsos, Ph.D. 
 
The lack of strengthening or toughening mechanisms in the through-thickness or z-
direction in two-dimensional (2D) laminated composite structures result in low 
mechanical performance for demanding aerospace and automotive applications, among 
others. To that effect, a 3D woven composite system consisting of z-binders for improved 
performance has been introduced to potentially provide additional means for enhanced 
damage tolerance and reduced mechanical property degradation. To investigate the 
benefits of these novel composite architectures, this work employs a multimodal 
nondestructive evaluation and characterization approach consisting of Digital Image 
Correlation (DIC) and Acoustic Emission (AE) to identify the failure behavior under tensile 
and fatigue loading conditions. Analyses of local strain patterns are shown to indicate 
increased transverse reinforcement through different length scales due to the presence 
of the z-binder in 3D woven composites, as opposed to its 2D counterpart. 
Complementary data acquired from X-ray micro computed tomography (μCT), Scanning 
Electron Microscopy (SEM) and post-mortem fracture pattern analysis is used to 
determine specific damage mechanisms for potential applications as damage precursors.  
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CHAPTER 1: INTRODUCTION 
 
1.1 Woven Composites 
Fiber and textile composites are currently used across many applications, ranging from 
aerospace and marine to automobile and sporting goods. This has been primarily due to 
the feasibility of tailoring these composite materials for different applications.  
 
Fiber Reinforced Polymer Composites (FRPC) have had the most impact in aerospace 
technologies due to their high specific properties caused by their significantly lower 
density compared to other materials. One of the first composite applications was in the 
F-14’s horizontal stabilizers in 1969, then after the introduction of carbon fibers in the 
1970s, the F-22 was built with about 25% of its weight in carbon fiber reinforced 
composites [1]. Later on, in 1987 Airbus became the first commercial aircraft 
manufacturer to use composites in their aircraft with the introduction of their A310 right 
after the all-composite airplane Rutan Voyager had made the first non-stop flight around 
the world in 1986 [1]. Overall the growth in composite applications in the aerospace 
industry can be seen in Figure 1: 
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Figure 1. Increasing percentage of composite composition in commercial aircrafts [2]  
The main constituent in FRPC are the fiber themselves; fibers can vary in composites by 
fiber type, volume fraction, length, and orientation. Some of the most common fibers and 
their properties are listed in Table 1: 
Table 1. Properties of Commercial Reinforcing Fibers [1, 3] 
Fiber 
Typical 
Diameter 
(µm) 
Density 
(g/cm3) 
Tensile 
Modulus 
GPa (Msi) 
Tensile 
Strength 
GPa (ksi) 
Strain-to-
Failure 
(%) 
E-glass 10 (round) 2.4 72.4 (10.5) 3.45 (500) 4.8 
PAN carbon 7 (round) 1.76 231 (33.5) 3.65 (530) 1.4 
Kevlar 149 (Aramid) - 1.47 179 (26) 3.45 (500) 1.9 
Technora (Aramid) - 1.39 70 (10.1) 3.0 (435) 4.6 
Dyneema SK75 
(HMPE) 
- 0.9 120 (17.4) 3.6 (522) 3.5 
 
To use these fibers in composite materials, individual fiber filaments can have different 
forms such as chopped (staple) or a bundle, which is a group of continuous fibers. When 
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bundles are produced in an untwisted form they are called a strand or end for glass and 
Kevlar, and tow for carbon fibers, while the twisted form of fibers is called a yarn [1]. 
Focusing on continuous fibers, the thickness of tows is specified by a filament count 
number specified in K (thousands) that make up the tow. Thickness can also be expressed 
in yard per pound, TEX which is the mass in grams per 1000 m, and diameter of the tow 
in micrometers abbreviated as mkm or µm.  
 
In order to manufacture carbon fiber composites, tows must be first assembled into a 
layer defined as lamina or ply. These plies can come in either: cloth or fabric form which 
is manufactured through weaving techniques such that fibers run in both 0° and 90°, or 
unidirectional (UD) form in which all fibers run in parallel. Composites based on fabric 
plies are therefore categorized as woven composites and their fiber’s spatial layout or 
weave architecture is described by the direction in which tows are woven: warp tows in 
the length direction and weft tows across. From the weaving process perspective, the 
warp tow is the one held in tension while the weft tow is weaved across the warp as 
shown in Figure 2. 
 
Figure 2. Warp and weft directions in woven composites 
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Additional binding material can be added to fabric plies to create a preform, which is 
defined “as an assembly of yarns or textiles, which is generally stabilized by introduction 
of additional material, yarns or a binder powder” [4]. There can also be three-dimensional 
fabric forms designed to conform to a specific shape. The completed preform can then be 
either used dry for wet lay-up techniques or it could be pre-impregnated with resin and 
curing agent beforehand to create a prepreg. Since prepregs are already infused with the 
resin system, they are ready to be laid on a surface or mold without additional resin, only 
requiring a curing process. Multiple laminas can then be stacked in different sequences 
with different orientations for desired mechanical performance to produce a laminate 
architecture.  
 
Besides the stacking sequence, resin, and fiber, woven composites can also be tailored by 
changing the weave architecture. They can vary from the simplest one which is a plain 
weave, to complex ones such as satin weaves, both shown in Figure 3. Other variations of 
FRPCs include sandwich materials and honeycomb structures, in which a foam or 
honeycomb core is assembled between plies. These type of composites can be found for 
example in the floor of commercial airplanes since they provide the rigidity required at a 
low weight. Different materials can also be used for the matrix besides polymers such as 
metals and ceramics. 
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Figure 3. Main types of 2D weave architecture [5] 
Popular composite systems based on plies with fibers woven in two directions such as 
those in Figure 3 are classified as 2D woven composites. Mechanical properties tend to 
vary between the two different directions, however not as drastically as in UD laminates, 
which constitutes a relative advantage. However, a high amount of skilled labor is needed 
to cut, stack and consolidate the plies, resulting in the likelihood of plies slipping during 
fabrication causing fiber misalignment. Moreover 2D composites possess poor through-
thickness mechanical properties that result in reduced impact and post-impact damage 
tolerance including out-of-plane stresses experienced, for example, by composite landing 
gears under compressive loads, as well as composite turbine blades when impacted by 
projectiles or foreign objects.   
 
The weaknesses of 2D FRPCs composites previously mentioned can be partially overcome 
by adding additional through-thickness components by using manufacturing techniques 
such as weaving, braiding, pining, stitching, or knitting [6-9] to manufacture what is 
referred to as 3D composites; when weaving is used the result is 3D woven composites. In 
relation to weaving techniques, a z-yarn or z-binder is stitched through the thickness of 
the material, therefore it adds a third dimension. The z-binder can further be woven in 
different architectures to alter the 3D woven composite’s mechanical performance [8, 
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10]. Figure 4 shows some of the main types of 3D architectures such as orthogonal and 
angle interlock. The z-binder has been reported to not only provide through-thickness 
reinforcement against delamination and enhanced post-impact performance [7, 11], but 
it further significantly reduces related fabrication costs as all plies are automatically 
aligned [12].  
 
Figure 4. Types of 3D weave architecture [10] 
The final stage of the composite manufacturing process is the consolidation of plies 
through curating the resin or matrix. Normally the resin has to be cured through pressure 
and heat in machines called autoclaves which are generally expensive to buy and operate. 
However out-of-autoclave (OOA) curing techniques in which autoclaves are not used have 
been developed and improved, and have gained popularity in the industry for high-
performance composite panels [13]. The most common OOA method is resin transfer 
molding (RTM) in which a dry reinforcement or preform is placed in a closed mold and 
resin is pumped into the mold following predesigned paths through the preform. A 
variation of this method involves drawing the resin into the preform using a vacuum, 
hence named Vacuum Assisted RTM (VARTM). This method does not require high heat or 
pressure, minimizing tooling costs, and producing inexpensively large complex parts at a 
faster rate. The VARTM setup is shown in Figure 5. Note that due to the nature of this 
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manufacturing process, the finish of the surface of the composite panel that faced the 
mold is often smoother than the opposite side. 
 
Figure 5. Vacuum Assisted Resin Transfer Molding (VARTM) setup [1] 
Whereas VARTM is used to build complete components, other technologies have also 
emerged and are capable to reinforce specific locations in a composite by adding localized 
through thickness reinforcements by stitching. This process is referred to as “sewing-
technical insertion of high-performance yarns into a foam, followed by resin infiltration” 
[14] and has been automated to build unified preforms with integrated stringers and 
beams which are then finished using RTM.  Figure 6 shows a KUKA robot in the stitching 
process of a Type A door which is claimed to weigh 15% less than current aluminum 
composite doors [15]. Complex preforms with integrated stiffeners based on from 3D 
multi-layered woven fabric has also been developed, which allow finished parts to be 
manufactured and consolidated in a single step without any additional steps such as 
bonding or sewing [14]. 
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Figure 6. Composite door manufactured by a KUKA robot stitching stringers and beams preforms [15] 
The reinforcement provided by z-binders does cause some additional problems as it will 
be explained following sections of this thesis, however, advancements in manufacturing 
technologies since the development of the first 3D woven composites in early 1970s have 
improved the mechanical performance of 3D woven composites [7]. This has resulted in 
current research to be focused on 3D orthogonal weave because of its relatively better 
quality [16]. A comparison between this and other architectures can be seen in Figure 7. 
 
Figure 7. Strain to failure comparison between different textile composites [17] 
 
1.2 Mechanics of FRPCs 
FRPCs are complicated materials to model because of the local influence of the geometry 
of the fibers and the architecture itself, especially in the 3D case since the through-
thickness interaction has to be taken into account. As a result, their mechanical properties 
depend on location as well as orientation, which means that they are non-homogeneous 
and approximately orthotropic. Therefore to take into account the varying 
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microstructure, the concept of “effective” or “equivalent” homogeneity is often the 
strategy implemented that assumes that there exists a characteristic length scale over 
which the variation of the material can be averaged [18]. Generally in all types of FRPCs 
this approach is implemented in a material model using a generalized Hooke’s Law using 
a homogenized elastic stiffness matrix composed of 9 different elastic constants for 
orthotropic materials. This is shown in matrix form in equations (1) - (4) using Voigt 
notation with symmetry indicated. 
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  (1) 
which can be written in terms of compliances as follows: 
 
1
ij ijS C

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  (3) 
where the following symmetry relation has been made: 
 ij ji
i jE E
 
  (4) 
In the case of 3D woven composites, there are different homogenization methods where 
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the most common are the Volume or Orientation Averaging Method (OAM), Laminate 
Plate Theory (LPT) and Mixed Iso-Stress and Iso-Strain Models (MISIS) [18-21]. Note that 
a convention used in analysis throughout these methods is to define two different 
coordinate systems: (i) a structural coordinate system used as a reference to describe the 
geometry of the whole body using an orthogonal system such as x-y-z or a cylindrical x-θ-
r, and (ii) a material coordinate system relative to the structural coordinate system that 
varies between layers due to fiber direction, identified as the 1-2-3 coordinate system as 
used in equation (3).  
 
In the OAM, assuming the structural and material coordinate systems coincide, constants 
in equation 3 can be determined experimentally from measurements of Young’s modulus 
and Poisson’s Ratio by uniaxial loading in the x-, y- and z- directions of the composite, 
along with measurements of shear moduli 𝐺23, 𝐺31, and 𝐺13 [21]. A more analytical 
approach can also be used by calculating each element in equation (3) using the elastic 
properties of the constituents individually [18]. This is done by considering them as unit 
cells of spatially located individual unidirectional composites and then transforming their 
elastic properties in the material coordinate system to a structural coordinate system 
using a transformation matrix composed of directional cosines. In the last step the 
different volume fractions are taken into account and depending on how the assembly of 
these cells is arranged, i.e. either in series or parallel, the formulation based on either 
isostress or isostrain conditions, respectively, is shown in equations (5) and (6): 
 ' ( )ij iu j
u
S V S u   (5) 
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 ' ( )ij iu j
u
C V C u   (6) 
where 𝑆𝑖𝑗̅̅̅̅  and  𝐶𝑖𝑗̅̅̅̅  are the resulting properties corresponding to the averaged bulk 
material, 𝑉𝑢 the volume fraction of each unit cell, 𝑆𝑖𝑗
′  and 𝐶𝑖𝑗
′  properties of the 
transformed unit cells. To further increase the accuracy of this approach, it is important 
to include the statistical distribution of defects such as voids and waviness of fiber. This is 
done by generating a symmetrical normal distribution using the out-of-plane angle to 
define a waviness knockdown factor, which has been shown to predict in-plane 
macroscopic elastic constants that agree with experimentally determined values [21].  
 
A different approach is taken in LPT, where the laminate behavior depends on how each 
lamina deforms as a whole layer, not as the average behavior of cells like in OAM, 
therefore being more representative of a laminate. Moreover it is assumed that all layers 
are uni-directional and under a state of plane stress, which simplifies the generalized 
Hooke’s law to the reduced stiffness system shown in equation (7) in the material 
coordinate system. The 𝑄𝑖𝑗 terms are called the reduced stiffnesses which are derived 
from the plane stress condition for orthotropic material. 
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  (7) 
Equation (7) can then be transformed from the material to the structure coordinate 
system, to calculate the state of stress in each layer relative to the whole structure. The 
contribution of each layer to the deformation of the laminate can then be determined 
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such that resultant forces and moments can be calculated to formulate the constitutive 
relation for the laminate referred to as the ABD relation: 
 0
A BN
B DM k
    
    
    
  (8) 
where N and M denote force and moment resultants respectively, 𝜖0 and 𝑘 denote the 
strain and curvature of the laminate geometric mid-plane, and A,B,D denote the 
extensional stiffnesses, extensional-bending stiffnesses and bending stiffnesses, 
respectively. However care must be taken when modelling 3D woven composites using 
the LPT approach because certain assumptions, such as considering only the midplane of 
the laminate or defining interlaminar shear strains 𝜖𝑥𝑧 and 𝜖𝑦𝑧 as negligible, do not 
represent the whole 3D architecture’s mechanics accurately. 
  
Finally in MISIS, a mixed iso-stress and iso-strain based unit cell modelling scheme is used. 
The mechanical modelling involves dividing the unit cell into smaller sub-blocks 
corresponding to the composite’s constituents, of which elastic constants must be known. 
These sub-blocks are then assembled in different sequences and then into bigger blocks, 
calculating elastic constants in each step, until the biggest block is the unit cell. The sub-
block division process is shown graphically in Figure 8.  
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Figure 8. Schematic of MISIS process showing the division of a unit cell into constitutive sub-blocks 
However these homogenization-like schemes are not realistic geometrical or 
manufacture representations of the material. A more accurate model can be achieved 
through Finite Element (FE) models, through which more accurate geometries can be 
created and analyzed, that could provide more accurate elastic constants. This can be 
done by generating unit cell geometry in software such as TexGen [22] or WiseTex [23], 
which create volumetric representations based on weave architecture specifications, 
while other software go into more detail by modelling microstructural features such as 
individual fibers [24], or by post processing these models to simulate the effect of weaving 
and compaction [25]. Another advantage in using FE models is that with advancements in 
microstructural inspection and image recognition, defects can be directly imported into 
FE models by reconstructing the internal structure of the composites from e.g. X-ray 
computed tomography [26, 27]. 
 
1.3 Fracture and Damage Mechanisms in 3D woven composites 
Damage analysis in FRPCs must be performed across different length scales due the 
varying size of the composite’s constituents (tows, yarns, and the individual fibers), as 
well as because damage progresses in space and time as a multi-scale process that 
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ultimately leads to catastrophic failure. These length scales will therefore be defined in 
this thesis as follows: micro (sub-tow features), meso (unit cell constituents) and macro-
level (whole coupon) scales. In addition, the types of damage mechanisms vary depending 
on the loading conditions applied, therefore this section will only be focused on tension 
loading cases. 
 
At the micro-level, damage can occur within tows and yarns through fiber breakage and 
micro-cracks. The general microfailure modes are shown in the diagrams of a tow/yarn in 
Figure 9. Moreover if and for example fiber breakage occurs, this microfailure may require 
a redistribution of load to its neighboring material, which can result in other fibers 
breaking, debonding at the fiber-matrix interface, or matrix cracking. 
 
Figure 9. General microfailure modes under longitudinal tension in unidirectional continuous fibers [1] 
With further loading, damage begins to appear within the mesoscale through a feature 
unique to many 3D woven composites which is the onset of plastic deformation of the 
most heavily distorted load-bearing tows [12], known as tow straightening. The distortion 
occurs during the weaving of the z-binder in the manufacturing process, however this 
effect has been reduced significantly with improvements in manufacturing techniques 
a) b) c) d)
15 
 
[16].   
 
Figure 10. Distribution of damage in material under tension. Black lines correspond to different weave 
features depending on view and specimen test orientation 
At tensile stresses above the onset of tow straightening, damage mechanisms include 
matrix cracking (both tensile and delamination), z-binder debonding, delamination, tow 
breakage and tow pullout, shown in Figure 10. The damage mode of tow pull-out occurs 
when fractured tows or z-binders are pulled out from their holes in the matrix due to 
delamination and debonding, shown in Figure 11 [28] at ultimate failure. 
 
Figure 11. Tow pull-out in orthogonal 3D woven carbon fiber composite  
Debonding within tows occurs due to internal cracks, dividing the tow into pieces. A 
characteristic of damage unique to 3D woven composites is that debonding cracks at tow 
boundary surfaces and within the tow itself can be deflected once the crack front reaches 
bridging zone fracture & pull-out
tow/z-binder
crack front
matrix 
cracking zone
P
P
Pulled out stuffers
load axis
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a z-binder along the z-binder’s path before interfacial cracks appear. This deflection and 
constraint effect can be seen in Figure 12. 
 
Figure 12. Crack path deflected and bounded by z-binder [29]. 
Moreover damage mechanisms depend significantly on the manufacturing process, which 
can introduce defects or flaws that promote the initiation of damage. Some examples of 
manufacturing defects are fiber abrasion, fiber breakage, distortion of in-plane tows and 
z-binder, resin rich regions and matrix voids or porosity. The abrasion of fibers has 
degrading effects on the mechanical properties of fibers as it has been shown that failure 
strength of E-glass fiber decreases with subsequent stages of the weaving process [30, 
31].  
 
Tow and z-binder distortion, resin rich regions and porosity occur at the final 
manufacturing stage, when the preforms are being consolidated through the liquid 
molding process. Matrix voids within the material occur due to the inability of the resin 
to infiltrate high-fiber content regions, especially in 3D woven composites, as seen by 
comparison of cross-section raw images of 2D and 3D woven specimens in Figure 13. 
Moreover the resin rich regions or matrix pockets indicated in Figure 13b are not desired 
as matrix cracking at low strain occurs are these localized regions. 
z-binder
debonding crack path
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The misalignment of tow and z-binders from their nominal straightness as indicated in 
Figure 13 may occur from excessive pressure from the consolidation process, as well as 
due to the nature of the z-binder’s spatial path within the composite, i.e. orthogonal 
weave vs an angle interlock weave as shown in Figure 4. The fact that the z-binder distorts 
or crimps the tow beneath it has been reported to reduce the mechanical performance 
of the material as a whole [12, 28, 32], visualized in Figure 14. 
  
Figure 13. Manufacturing defects in: a) 2D satin weave composite, b) 3D orthogonal weave composite 
Besides the different weave architecture and fiber volume content, it has been shown 
that one of the main parameters that affects the 3D composite’s performance is the 
amount of crimp or kinking in tows, which is a measure of how much waviness it has 
compared to its nominal straightness [10, 32]. This defect is produced specifically from 
warp tow
weft tow
nominal straightness
matrix + warp tow
weft tow
warp tow
z-binder cross-section
matrix voids
matrix pocket
tow defect nominal straightness
a)
b)
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the z-reinforcement during the weaving process. Other issues that arise from the z-
reinforcement stitching is the damaged caused by these weaving process to the adjacent 
warp and weft tows. 
 
Figure 14. Crimp of warp and weft tows due z-binder stitch [28] 
Finally with further strain, cracks are observed as seen in Figure 10, which eventually 
result in different ultimate failure modes. Some of these modes include the explosive or 
burst and edge delamination shown in Figure 15,  as described by the ASTM D3039 
standard [33]. 
 
Figure 15. Ultimate failure modes in FRPCs 
 
weft tow
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Delamination
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1.4 Research Motivation 
The poor through-thickness mechanical performance of 2D laminates is due to the fact 
that it is governed by matrix properties. This weakness can be mitigated by through-
thickness reinforcement in 3D woven preforms such that fibers alone carry loads in each 
of the three linearly independent directions, thus reducing significantly the vulnerability 
of conventional 2D laminates under compression and impact, as well as improving 
delamination resistance. However the addition of a through-thickness component in the 
composite architecture introduces new issues, such as z-binder-related localizations of 
deformation and stress. The overall effect of these z-binder specific damage mechanisms 
have not been fully investigated, especially what role they play in the progression of 
damage across different length scales. 
 
1.5 Objective 
The objective of this thesis is to quantify the role of z-binders in the damage progression 
of 3D woven carbon fiber composites by performing a coupled experimental mechanics 
& Nondestructive Evaluation (NDE) multi-scale analysis focused on 3D surface strain 
patterns. 2D and 3D versions of the same composite will be tested employing a 
multimodal nondestructive testing (NDT) and characterization approach consisting of 
Digital Image Correlation (DIC) and Acoustic Emission (AE) to identify the failure behavior 
under monotonic tension and tension-tension fatigue. This data will be then 
complemented with visual inspection techniques such as X-ray  micro  computed  
tomography  (micro-CT),  Scanning  Electron  Microscopy  (SEM)  and  post-mortem 
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fracture pattern analysis at specific damage states. Combining nondestructive testing and 
evaluation techniques provides the potential to quantify and identify the spatiotemporal 
evolution of damage mechanisms due to the presence of z-binders in a 3D woven 
composite system. 
 
1.6 Thesis Structure 
In this thesis, chapters are separate into: NDT&E in FRPCs, experimental setup, tension 
results, fatigue results, damage inspection, and conclusion/future work. Specifically, 
Chapter 2 introduces all the NDT&E techniques (and corresponding theory) applied 
throughout this investigation to monitor and characterize damage progression in 2D and 
3D composites. These techniques are: digital image correlation, acoustic emission and 
micro-computed tomography. Chapter 3 provides the details on the experimental setup 
of the NDT&E techniques and associated equipment, as well as the post-processing 
procedure for both monotonic and fatigue loading data, including error quantification in 
DIC. The material specifications and specimen details are also explained. 
 
Chapter 4 presents the mechanical characterization results under monotonic tension 
through the calculation of mechanical properties, and comparison between full-field and 
acoustic emission data. Full-field strain maps are further analyzed to investigate macro- 
and meso-level deformation, as well as out of plane phenomena. It concludes with major 
observations and specimen failure modes. Then in Chapter 5, similar post-processing 
procedures are implemented for fatigue data to evaluate the mechanical performance 
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between two specific specimens of different weave architecture but same loading 
orientation with respect to weave geometry. Further out-of-plane effects are also 
analyzed. 
 
Based on results from Chapters 4 and 5, damage inspection is performed in Chapter 6 on 
3D woven architecture. This is achieved by loading multiple 3D composite coupons up to 
specific points based on AE data, and then inspected nondestructively through micro-
computed tomography. Based on this investigation, specific damage mechanisms related 
to the z-binder are determined.  
 
Chapter 7 concludes the thesis by summarizing multi-scale observations in both the 
monotonic and fatigue loading cases, which provide insight into the effect of the z-binder 
in 3D composites. Finally future work outlines potential applications of particular 
observations in 3D woven composites as damage precursors, as well as the use of the 
collected experimental data for computational models. 
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CHAPTER 2: DAMAGE MONITORING IN COMPOSITES 
 
The characterization of mechanical performance and damage in Fiber Reinforced 
Composites (FRPCs) is challenging because deformation and damage mechanisms 
throughout the material vary with direction and location, given their heterogeneous and 
anisotropic structure. Therefore damage progression must be analyzed at multiple scales 
and, both exterior and interior locations, to accurately characterize it which can become 
an extensive task if approached with the use of strain gages or destructive sectioning. For 
this reason Nondestructive Testing and Evaluation (NDT&E) techniques are employed in 
this investigation to overcome the restraints of contact, invasive and destructive damage 
monitoring techniques. The recent applications of NDT&E in woven composites under 
monotonic and fatigue loading includes acoustic techniques [17, 34, 35], digital image 
correlation [10, 36, 37] , infrared-thermography [38, 39], micro-computed tomography 
[40, 41] and electrical resistance methods [42].  Moreover a combination of these 
techniques allow a hybrid NDT technique in which they complement each other to 
provide more insight on the progression of damage in different materials [43-45]. The 
following sections explain the application of DIC, AE and micro-CT in FRPCs as these were 
applied to characterize the damage progression of 2D and 3D woven composites in this 
thesis. 
 
2.1 Digital Image Correlation (DIC) 
DIC is a full-field, non-contact, optical surface deformation measuring technique used in 
experimental solid mechanics since the 1980s [46]. The implementation of DIC involves 
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recording digital images of the specimen surface before and after deformation, which are 
then processed by an algorithm that computes the coordinates of selected pixel subsets, 
or facets, by tracking their centroid coordinates, throughout the test. Once the 
coordinates are computed, displacements are obtained, and full-field strain maps can be 
calculated. Moreover, even though DIC is often used for in-plane displacement and strain 
measurements through a single camera, it can also be implemented with stereovision 
through the use of two cameras to determine out-of-plane deformation, resulting in 3-
Dimensional (3D) DIC. This setup further allows to monitor deformations more effectively 
in curved surfaces [46]. Some of the available commercial 3D DIC packages are Vic 3D by 
Correlated Solutions[47] and ARAMIS by GOM [48]. 
 
The DIC procedure begins with the specimen surface preparation. This involves the 
application of a stochastic speckle pattern which creates unique gray levels distribution 
for each facet, which is why the pattern must be stochastic. This pattern can be created 
through different methods depending on the length scale of the analysis, such as particle 
deposition, rubber stamping and spray paint [49]. Digital images of the speckled surface 
are then acquired throughout the test. In the reference image, the facet size which 
dictates the number of pixels in the square subsets, and the facet step, which describes 
the overlap between the facets and usually chosen as 50%, are defined. A virtual facet 
grid can then be generated, which is then used in a cross-correlation algorithm to track 
and match facet locations between the reference and deformed states. 
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In the image correlation process, the similarity and matching between the reference and 
the deformed facets is evaluated using a predefined cross-correlation criterion or sum-
squared differences correlation criterion, seeking for the peak position of the distribution 
of correlation coefficient [46]. The difference in the coordinates between the centroids of 
the facets at the reference and the deformed states yield the in-plane displacement 
vector at point p, in Figure 16. Based on these displacements, the displacement gradient 
or strain is calculated. Note that displacements within 1 pixel accuracy can readily be 
computed, however sub-pixel registration algorithms are often used to improve 
displacement and strain accuracy [46, 50]. 
 
Figure 16. DIC strain calculation procedure 
DIC measurements depend significantly on the gray intensity distribution which is directly 
influenced by the speckle pattern, and the quality of the image system [46]. A major 
challenge is identifying the appropriate speckle pattern characteristics to ensure that the 
required sensitivity and resolution is achieved, however lighting conditions will also affect 
the gray level distribution, therefore achieving the correct balance is a complicated task. 
The cross-correlation calculation can also be a computationally expensive process 
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depending on the facet size and step, as well as image size. 
 
DIC can be applied on any digital image regardless of the acquisition method, such as 
optical microscopy, scanning electron microscopy or photography i.e. ex-situ or in-situ. 
This makes DIC a flexible multi-scale measuring technique that allows the evaluations of 
deformations from the micro-scale, such as SEM-DIC [51] to monitor grain and sub-grain 
deformations in aluminum alloys [52] as shown in Figure 17, up to completed components 
such as masonry walls [53]. The image acquisition can be further customized with a code 
to take images at specific loads during fatigue testing [43, 54].  
 
Figure 17. Microscopic strain mapping using SEM to show grain-level deformations [52] 
Another advantage of DIC is in its full-field nature, will allows to capture the deformations 
within a region as opposed to between two points as in the case of strain gages. Therefore 
localizations of strain can be registered which are often related to specific material 
features. For example in fatigue crack growth studies in metals and alloys, the 
accumulations of plastic strain around grain boundaries can be monitored at the crack 
front [55] or around stress concentrators such as holes in composites [56]. In addition, 
more microstructure-specific deformations can be measured such as the formation of 
shear bands [57] or the three-dimensional effects of twinning [58].  
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In woven composites, DIC has been applied to monitor strain localizations that occur at 
specific weave features visible on the surface, such as tows crossings [10] or z-binder 
crossings [36] (z-crowns) and boundaries between plies at the edges of a coupon [37]. 
Figure 18 shows examples of localizations on a 3D woven composite which correspond to 
z-crowns, an observation which would is not possible with a strain gage.  
 
Figure 18. Strain localizations in 3D woven composite at z-crowns [36] 
Moreover on the identification of these localizations, they can be analyzed closer through 
different post-processing techniques, such as virtual line gages placed along a z-crown 
[36] in 3D woven composites. These displacements measurements could then be used as 
input for phenomenological models for example. Through further post-processing, 
additional macroscale elastic parameters can be calculated such as elastic constants in 
other directions, and Poisson ratios [43, 59]. 
 
2.2 Acoustic Emission (AE) 
Acoustic Emission (AE) is defined as the elastic energy spontaneously released by 
materials when they undergo localized deformation, generating transit elastic waves. It is 
well known that different mechanisms of deformation and fracture are preceded by 
audible events, such as in the case of timber, where fracture of natural fibers warn of the 
z-crown
P P
27 
 
upcoming failure, however other mechanisms which fall outside the audible range can be 
monitored with the appropriate sensors [60]. Moreover AE is an irreversible process, 
meaning that once a fracture is created and AE recorded, it must either grow or be 
subjected to a higher load to generate more AE, known as the Kaiser effect [60, 61].  
 
In an experiment, these AE events are detected by transducers fixed on the surface of the 
material, which records the dynamic motion of the waves. These transducers then 
convert the detected motion into a voltage vs. time curve. Among the different type of 
transducers available, the most common types are those which use piezoelectric 
elements for transduction “based on the processing of signals with frequency content in 
the range from 30 kHz to about 1 MHs” [60], where the detection of lower frequencies is 
necessary for materials with high attenuation such as FRPCs. For this reason preamplifiers 
are used to compensate for amplitude losses caused by the attenuation in the material 
or by the use of very long cables, and noise filtering [62]. The preamplifier signal then 
goes into the acquisition device such as a computer, in which the main amplifiers and 
amplitude thresholds have been adjusted to the test sensitivity and background noise. 
These parameters are set through a calibration procedure on the specimen under actual 
experimental testing conditions, in which a pencil lead break test is performed to adjust 
gain and threshold values to avoid detecting noise signals, such as vibrations generated 
from a loading frame. The general AE monitoring setup is shown in Figure 19.  
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Figure 19. Schematic of general AE monitoring setup [61] 
Once the AE events have been recorded, the corresponding waveforms can be described 
through different characteristics. Based on Figure 20, a waveform can be generally 
described by AE hits which are individual events of a certain duration, the hit count which 
is the number of times a signal crosses a preset threshold, and the amplitude 
corresponding to the voltage exhibited by the higher peaks of the waveform. Through 
post-processing techniques such as Fast Fourier Transform (FFT) and signal integration, 
other characteristics can be computed such as peak frequency, defined as the frequency 
that contains the largest magnitude in the power spectrum [60], and AE energy, define as 
the area under the rectified waveform envelop [61]. The idea is therefore to relate certain 
damage mechanisms with AE events that display unique waveform features. 
 
Figure 20. a) Waveform features in a AE hit, b) Waveform characteristics in frequency and time domain 
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In comparison with other NDT techniques AE testing is a passive technique which means 
no energy input is required, such as in radiographic or ultrasonic testing. Furthermore it 
is non-directional since AE sources “appear to function as point source emitter that 
radiate energy in spherical wave fronts” [60]. One of the major limitations in AE is the 
setup’s sensibility to background noise which can have a severe impact in the quality of 
the data collected. Furthermore, as the AE propagates, its signal loses amplitude through 
attenuation and damping, the sensor must be located at an appropriate distance from 
the source [60]. 
 
Out of the many applications of AE in experimental mechanics [60], it can be used as an 
alarm system to indicate when changes in the material are taking place, such as damage. 
An application of this approach is in Structural Health Monitoring (SHM), which is the 
process of combining different sensing technologies to measure and analyze the 
structural integrity of a material or component  in real-time. For example in composite 
materials, AE sensors can be embedded into components to develop “smart” structures 
[63], or placed on critical components such as stiffeners panels in aerospace structures 
[64]. The AE data can then be analyzed to find specific AE event characteristics 
corresponding to specific damage mechanisms based on visual inspection of the material, 
such as through microscopy in SiC ceramic composites [65], and in-situ experiments in 
aluminum alloys to detect microstructure-sensitive damage [66]. Moreover damage 
stages in uni-directional and woven composites have been defined at the onset of peaks 
in AE counts and energy, corresponding to delamination initiation and activation of other 
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damage mechanisms [67]. In the case of woven FRPCs, damage progression has been 
quantified by determining damage stages in 2D weave [43], in 3D E-glass [35] and carbon 
fiber [17] at drastic changes in cumulative AE energy. These stages are shown in Figure 21 
for 3D orthogonal woven carbon fiber composite monotically loaded in the fill direction. 
 
Figure 21. Acoustic emission monitoring of damage for fill direction [17] 
Peak frequency has also been used by different researchers on different materials to 
characterize different types of damage mechanisms in FRPCs, however it has been shown 
that characterizing the damage progression based solely on peak frequency is not 
sufficient [68]. In the case of FRPCs, the classification of failure modes becomes more 
challenging because the peak frequency ranges corresponding to specific damage 
mechanisms depend on the material’s constituents and architecture, as seen in Table 2 
and other studies [69]. 
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Table 2.  Peak Frequency Findings for Different Studies of FRPCs [68]  
 
Matrix 
crack 
(kHz) 
Delamination 
(kHz) 
Fiber/matrix 
debonding 
(kHz) 
Fiber pull-
out 
(kHz) 
Fiber 
fracture 
(kHz) 
CFRP 6376 50 – 175 225 – 300 – 175 – 225 300 – 525 
GFRP – – 80 – 110 200 – 300 425 – 525 
CFRP 
IM7/8552 
0 – 50 50 – 150 200 – 300 500 – 600 400 – 500 
 
Moreover coupling AE data with visual inspection is a time-consuming process. For this 
reason machine learning techniques have been applied to automate the AE data analysis 
process, such as classifying AE events with similar parametric features into classes or 
clusters of data, which are then related to specific damage mechanisms [70, 71]. Finally, 
another application of AE is to localize AE sources often related to damage. The two 
common techniques to achieve this are time of arrival (TOA) and delta t mapping [72], 
which have been used in aerospace grade metals [73] and FRPCs such as uni-directional 
carbon fiber laminates [44]. 
 
2.3 X-ray Computed Tomography 
X-ray compute tomography (CT) is a nondestructive and noninvasive inspection technique 
for visualizing and collecting volumetric data of an object, termed microComputed 
Tomography (microCT) when a spatial resolution in the order of microns is used. CT is 
performed by first recording individual projections, radiographs, from different viewing 
directions of the object [74]. In these radiographs, different constituents within the object 
of interest absorb different amounts of x-rays, termed x-ray attenuation, and related 
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fundamentally to the number of atoms encountered by the x-ray beam. The x-ray 
attenuation for a homogeneous and heterogeneous material is described by equations 
(4) and (10), respectively, where 𝐼 is the final x-ray intensity, 𝐼0 is the intensity of the 
unattenuated x-ray beam, 𝜇 is the material’s linear attenuation coefficient and 𝑥 is the 
thickness of the x-ray path [75, 76]. 
 0 exp( )I I x   (9) 
 0 exp( )i
i
iI I x   (10) 
The x-ray attenuation 𝐼 data from radiographs is what is used to construct gray-level CT 
images called slices, employing techniques such as Algebraic Reconstruction, Back-
Projection and Fourier-Based Reconstruction [77]. A CT slice image “corresponds to what 
the object being scanned would look like if it were sliced open along a plane” [76] and has 
a thickness related to the volume through which the x-rays traversed, therefore the digital 
image is composed of volume pixels or voxels. Slices taken perpendicular to each other, 
such as the faces of a cube, are termed orthoslices. CT data is often in the form of a 
sequence of slices which can be visualized and post-processed using image processing 
tools. For example the object’s scanned volume can be reconstructed by stacking all slices, 
allowing 3D visualization modes such as volume rendering in which the gray levels are 
assigned a color and opacity, or isosurfacing in which 3D contour surfaces are generated 
that delineate boundaries between chosen gray values [76].  
 
The main elements of CT imaging equipment are an X-ray source, a detector that 
measures the X-ray intensity and a rotating base upon which the object is fixed. This setup 
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can be arranged in different configurations such as Planar Fan Beam, Cone Beam and 
Parallel Beam, however this section will be focused on Cone Beam Configuration since it 
was the one used in this thesis, shown in Figure 22.  
 
Figure 22. CT data acquisition in Cone Beam configuration [76] 
In this configuration a significant portion of the sample can be scanned in a single rotation, 
as well as allowing more time to be spent per radiograph at each rotation step, resulting 
in less image noise. Finally, slices are then reconstructed using a cone-beam algorithm, 
such as Feldkamp cone beam geometry [78].  
 
Regardless of configuration, the usefulness of CT imaging is limited by the attenuation 
contrast of features and constituent materials in the scanned object. For example cracks 
are difficult to resolve since they are filled with air which has poor x-ray attenuation. This 
can be overcome by staining the object with a high contrast liquid dye penetrant through 
an immersion process, such as Zinc Iodide (ZnI), in order to fill the cracks. The result of 
this procedure is shown in Figure 23, in which cracks are clearly visualized in a hybrid 3D 
woven composite [79]. However the effectiveness of dying significantly depends on 
capillary action and effective only in cracks interconnect to a superficial crack through 
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which the dye can flow through, meaning that isolated interior cracks will not be dyed.  
 
Figure 23. Tomogram of 3D orthogonal hybrid coupon loaded in the fill direction [79] 
The use of CT in damage inspection of 3D woven composites is increasingly being used 
due to the ability to resolve the complex geometries and damage mechanisms within the 
material, especially when dye penetrants are used as previously shown. In recent 
applications, volumetric reconstruction through CT has allowed the damage state to be 
visualized in 3D, providing insight on the spatial distribution and evolution of damage, 
such as transverse cracks within weft tows shown in yellow in Figure 24, based on microCT 
data of a glass fiber 3D angle interlock woven composite. Volume rendering was 
performed to visualize different material features in different colors, and render the 
matrix invisible. 
 
Figure 24. Transverse crack distribution in 3D angle interlock weave. Left: SEM surface micrograph. 
Right: Reconstructed volume from micro-CT data [40] 
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The 3D damage state visualization has also been performed on fracture resistance studies 
[78], in which the damage at the crack front and further provided insight into crack growth 
and damage progression, shown in Figure 25a for an unidirectional glass fiber laminate. 
Another inspection approach used in the literature involves analyzing slices at specific 
distances from a point of interest, such as in the proximity of an impact test as shown in 
Figure 25b for a 2D woven hybrid laminate [80]. 
 
Figure 25. a) microCT of sample showing damage pattern in the front of the notch tip [78]. b) microCT 
slices at 4 mm and 0mm from the impact axis [80] 
Slices have also been post-processed through computational methods to automatically 
determine matrix cracking and fiber rotation [81], as well as to quantify manufacturing 
defects [27] and internal structure of 3D woven composites [26], from which more 
realistic FE models can be generated that ultimately yield more representative 
simulations since true geometry and flaw distributions are included. 
P
notch
a) b)
4 mm
0 mm
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CHAPTER 3: EXPERIMENTAL SETUP AND PROCEDURE 
 
3.1 Material Specifications 
To compare the effect of the z-binder reinforcement, coupons from a 2D and 3D woven 
composite panel were tested. These composite panels were manufactured using 
preforms consisting of the same type of carbon fiber tows in both the warp and weft 
direction, and Dyneema for the z-binder in the 3D version. All warp layers were composed 
of Toho Tenax HTS 40 F13, 12K (800 tex, 7 mkm in all layers), 12 ends/inch. All fill layers 
were made of TohoTenax HTS 40 E13, 6K (400 tex, 7 mkm in all layers, doubled in 
weaving), 10 ends/inch. All preforms were manufactured by 3Tex. 
 
The 2D composite had four layers of a 5 harness satin weave (5HSW) preform stacked in 
a 0/90/90/0 layup. In a 5HSW satin weave a weft tow goes over 4 warp tows before 
interlacing under one, resulting in a more flexible fabric compared to other type of weave 
patterns.  The top surface of the finished 2D 5HSW composite panel is shown in Figure 
26: 
 
Figure 26. Optical image of the 2D 5 harness satin weave 
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The 3D composite had an orthogonal woven architecture using the preforms mentioned 
above, and Dyneema for the z-binder which is a strong fiber made from Ultra-High 
Molecular Weight Polyethylene which is 15 times stronger than steel rope of the same 
diameter, and 40% stronger than aramid (Kevlar) fibers [82]. Figure 27 shows an optical 
image of the 3D weave preform with its corresponding specifications in Table 3. Note that 
all warp and weft laminae are uni-directional layers held in place by the z-binder yarn in 
the 3D preform before it is consolidated by the matrix curing process. 
 
Figure 27. Optical image of the 3D orthogonal weave preform with carbon (black and grey) and 
Dyneema (white), shown with T1 orientation 
Table 3. Specifications of 3D weave 
Parameter Value 
Number of warp layers 3 
Number of weft layers 4 
Z yarn Type Dyneema 880 
Fabric thickness 3.06 mm 
Warp fiber volume 44.2% 
Weft fiber volume 49.1% 
Z fiber volume 6.7% 
Total fiber volume fraction in composite 
(estimated from a geometric model) 
54.5 
 
Figure 28 shows the main components of the weave architecture in a 3D orthogonal 
warp
weft
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woven fiber composite preform. Since in the literature different naming conventions are 
used to refer to the same features, throughout this thesis only the bolded labels in Figure 
28 will be used for consistency purposes, namely: weft tow, warp tow and z-binder. This 
will be important when comparing damage mechanisms under different length scales. 
 
Figure 28. Fiber components of an orthogonal weave 3D woven composite 
The woven preforms were impregnated with a mixture of West System 105 Epoxy Resin 
and a West System 206 Slow Hardener at a 5:1 ratio (known as 105/206 system) by 
standard VARTM processes shown in Figure 29. The 105/206 system forms a high-
strength, moisture-resistant solid with excellent bonding properties [83]. The 
impregnated woven preforms were then cured to a solid state at 22°C for about 24 hours 
followed by final curing to achieve the maximum strength at 25°C for approximately 4 
days. 
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Figure 29. Prepreg being impregnated using VARTM 
 
3.1.1 Coupon Preparation 
Coupons were machined by from the composite panels using a waterjet cutting system 
and cut in different orientations to analyze how the direction of the z-fiber reinforcement 
as well as the warp and weft orientations affect the mechanical behavior. To define these 
orientations, x and y directions were chosen along the warp and weft directions, 
respectively, in which the z-binder stitch is along to the warp direction and normal to the 
weft. Two different coupons specimens were created as follows: 
Specimen Type 1 (T1): Cut along y (weft) direction 
Specimen Type 4 (T4): Cut along x (warp) direction 
A diagram of the two types of coupons on the composite panel is shown Figure 30. A total 
of four types of coupon were tested in this thesis: 2DT1, 2DT4, 3DT1 and 3DT4. The 
number before “D” stands for the two types of composites investigated and the letter 
after “T” provides the two types of coupons produced as shown in the figure 24. A suffix 
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is also attached to this naming convention related to the test details which will be 
provided throughout the text.  
 
Figure 30. Diagram of coupon type cut from 2D and 3D composite panels 
The coupons were sized per ASTM D3039 standard [33]. Tabbing the coupons is 
recommended but not required, therefore to decide which configuration to use, 
preliminary tests were done with and without tabs. Upon inspection it was decided that 
tabs were to be used to prevent damage on matrix and fibers induced by gripping, which 
caused premature failure at the grips. Occasionally failure still occurred at the grips, and 
even though this is not ideal, it was deemed that the load transfer was more effective and 
that this failure location is in inherent in FRPCs. The tabs were made out of G-10 fiberglass 
epoxy laminate and were bonded to the coupons using an adhesive composed of 
Jeffamine D400 and EPON 828 in a 100:57 weight ratio. This adhesive was chosen because 
it cures at room temperature, which avoids any heating of the composite that could 
compromise its mechanical behavior. The completed coupon dimensions were as follows: 
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Figure 31. Coupon dimensions 
The resulting gage length was 90 mm, however for fatigue tests the length of the tabs was 
increased to 45 mm to increase gripping area, resulting in a gage length of 50 mm. Also 
note that the thickness of the coupons between 2D and 3D architectures were different, 
probably due to the added thickness in the 3D version from the z-binder. The gage length 
was then spray-painted with black and white to create a stochastic speckle pattern to be 
used for deformation tracking in DIC. This was done on the opaque side of the 2D coupons 
and the flatter side in the 3D coupons. 
 
3.2 Mechanical Testing Setup 
The test setup was composed of a load frame and a hybrid NDT system consisting of a DIC 
and AE system to monitor damage progression in the woven composite coupons. Figure 
32 shows the experimental setup used for all monotonic and fatigue tests in this thesis. 
20 mm
140 mm
25 mm
2D: 2.55 mm
3D: 3 mm
6 mm
P
P
y
z x
Front
(opaque/flat 
surface)
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Figure 32. Hybrid NDT Experimental Setup. * Infrared Thermography (IRT) results not presented here 
Two types of mechanical tests were carried out in this thesis: monotonic and tension-
tension low cycle fatigue. These tests were performed using a MTS 312.21 servohydraulic 
machine with a 100 kN load cell. The load frame was tuned specifically for CFRC and for 
the maximum load and speed required based on ASTM D3039, including correct grip 
alignment using a 609 Alignment Fixture between the load frame and load cell 
manufactured by MTS. Moreover flat wedges were employed for the grip since the 
specimen had a rectangular form. The coupons were gripped at a pressure of 5 MPa. The 
MTS controller recorded data at a rate between 90 and 100 points per second, from which 
load as voltage was fed into the DIC and AE systems to correlate both techniques, while 
the IR camera and the whole test were started simultaneously. A diagram of the setup is 
shown in Figure 33. 
DIC
IRT*
MTS
AE
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Figure 33. Hybrid NDT Experimental Setup diagram [43] 
The quasi static monotonic tension tests were displacement-controlled at a speed of 2 
mm/min. These initial tests were used to characterize the mechanical properties of the 
different coupons and to later on determine appropriate fatigue limits. The tension-
tension fatigue tests were force-controlled at a rate of 3 Hz and maximum to minimum 
load ratio (R-value) of 0.1. The loading limits used were 75% of ultimate tensile stress 
based on the monotonic test results and was applied in a sinusoidal form. The MTS 
controller had to be tuned so that the loading conditions were applied correctly setting 
the controller parameters shown in Table 4. 
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Table 4. MTS Controller Tuning Parameters for Fatigue Tests 
Adjustment Value 
P Gain 0.1850 
I Gain 0.1 
D Gain 0.01 
F Gain 0 
F2 Gain 0 
FL Filter 2000 Hz 
Integrator Limit 100% 
Compensator PVC 
 
3.3 DIC Setup 
3.3.1 Image Acquisition Setup 
The DIC equipment setup shown in Figure 34 was a 5M non-contact optical 3D 
deformation measuring system manufactured paired with the ARAMIS deformation 
analysis software, and sensor controller board, all manufactured by GOM Optical 
Measuring Techniques, and a Dell Precision M6700 laptop. The digital camera system 
consisted of two 5 megapixel Baumer TGX15 monochrome cameras with a maximum 
acquisition rate of 7 Hz at full (5 MP) resolution and 29 Hz with binning (2.5 MP). Each 
camera has a 2/3” Charged Coupled Device (CCD) sensor, and an image resolution of 2448 
x 2050 pixels (width x height). In this thesis the images acquired have the opposite 
dimensions since the cameras were rotated 90° to acquire more pixels along the height 
of the coupon as explained previously. All images are stored in the main memory (RAM) 
of the computer attached. Attached to the camera fixture bar are two LED lights with 
polarization filters. Finally MTS data is supplied to the DIC system through the controller 
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board as a voltage signal in order to synchronize DIC and MTS data.  
 
Figure 34. DIC system: GOM 5M [84] 
Before recording, the camera system has to be positioned and set-up depending on the 
dimensions of the object to be monitored. To achieve this the manufacturer provided 
tables with different parameter settings, such as distance from the object and camera 
position along the fixture bar, depending on the surface view and camera system used. In 
this investigation the 50mm lens/5M system configuration was used for a 65 x 55 mm2 
and 50 x 42 mm2 field of view for monotonic and fatigue tests, respectively, with the 
corresponding parameters shown in Table 5. 
Table 5. DIC camera setup for tests 
Parameter Monotonic Fatigue 
Measuring distance (mm) 485 395 
Slider distance (mm) 176 136 
Camera angle (°) 25 25 
The reason why the monotonic setup was not used for fatigue tests was because with the 
camera system
sensor controller board
laptop
MTS load 
(Volts)
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longer tabs the field of view was reduced, plus the grips obstructed some of the view. By 
choosing a closer measuring distance this compensated for some of the field of view lost. 
The cameras were also aligned vertically such that one camera was above the other to 
increase the pixel density in the acquisition. Next the lighting and focus had to be adjusted 
using a 55x44 calibration panel provided by the manufacturer. The appropriate focus was 
achieved by making sure that small size letters of a business card were read clearly. 
Achieving the correct light exposure involved changing the iris size and polarizer position 
in the camera and the LED lights, respectively, to achieve violet tones in a false color 
image of the calibration cube in real-time. Once the lighting and focus were satisfactory, 
a calibration procedure in the ARAMIS software was carried out, using a 55 x 44 mm2 
calibration cube based on the object volume corresponding to the setting in Table 5. This 
process is performed by taking a sequence of images of the calibration cube in different 
positions and orientations relative to the camera, following the calibration procedure in 
ARAMIS. The general calibration results for both monotonic and fatigue tests were the 
following: 
Table 6. Calibration results 
Parameter Value 
Calibration deviation (pixel) 0.036 – 0.040 
Scale Deviation (mm) 0.001 – 0.003 
Camera Angle (°) 24.4 – 25.0 
Avg. Intersection Deviation (pixel) 0.022 
 
Next the image acquisition procedure had to be setup. The amount of images the DIC 
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system can acquired is constrained by the PC RAM, size of the images, and the frame rate 
chosen. For full 5 MP resolution the maximum amount of images allowed was 
approximately 400 and for 2.5 MP (using binning) was approximately 1,800. Therefore to 
optimize the system to ensure that the complete duration of the test could be captured, 
for monotonic tests a 2 Hz frame rate at 5 MP resolution was chosen whereas for fatigue 
tests, since they last longer, a python script [43] was used to specify different frame rates 
at different load levels taking 2.5 MP resolution images with binning. This adjustment was 
done in fatigue tests to reduce the amount of data gathered from a continuous frame rate 
such that images were only taken at specific loads levels of interest specified in the script 
as voltages, based on a conversion factor of 8896.404 N/V. The script initiated when mean 
load was reached the first time, taking 13 images at 27 Hz frame rate to capture 
approximately one full cycle, then 10 images were taken with a delay in between of 10-
15 s depending on the estimated duration of the test, and then the sequence was 
repeated after a delay of 10-15 s starting when the mean load was reached again. The 
exposure time was approximately between 28-30 ms in both loading cases. 
 
Once the images were acquired, the image correlation was performed in ARAMIS. The 
facet field characteristics used for the auto-correlation algorithm in the post-processing 
of monotonic and fatigue tests are shown in Table 7. Facet size, step and overlap were 
always the same, whereas the facet field varied by a few pixels due to the speckle pattern, 
lighting, etc. Moreover a smaller facet size was used in the fatigue test results given the 
reduced gage length to achieve a slightly higher sensitivity. 
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Table 7. Facet Field Characteristics 
Parameter Monotonic Fatigue 
Facet Size (pixels) 30 20 
Facet Step (pixels) 15 10 
Facet Overlap (%) 50 50 
Facet Field Size ( X x Y pixels) 46 x 152 40 x 44 
 
For the strain calculations, the minimum computation size was used which is 3. This 
means that a 3x3 field of 3D points is used to calculate the strain value of the center point. 
This setting is particularly suitable for the assessment of local strain means. 
 
3.3.2 Uncertainty Quantification in DIC 
Even though DIC has been widely applied in the last 30 years, information regarding its 
metrological performance is still being developed through different research efforts [85-
88] due to the complex measurement chains involved. Most recently [86], the sources of 
error in DIC have been classified into: experimental setup, image, image correlation and 
mechanics (position, motion and strain). These error categories and the flow of errors 
between them throughout the DIC process is shown in Figure 35. Ideally all error sources 
shown in Figure 35 should be investigated for a comprehensive uncertainty quantification 
in DIC measurements, however in this thesis only a few will be considered given current 
capabilities. The methodology used to calculate the errors will be presented herein with 
the summarized results shown later in Table 9. 
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Figure 35. DIC data and error flow chart [86]. 
Noise Floor 
This parameter captures the effect of image blur, contrast and lighting conditions. It was 
calculated per by taking the average of the mean and standard deviation of full-field 
average displacement and strain values from 9 images acquired without no load applied. 
This was repeated for 3 different monotonic and fatigue tests to provide a general noise 
floor measure in Table 9, however noise floors for individual tests will be provided 
throughout this thesis as required. 
 
Sensitivity 
Sensitivity is the smallest absolute amount of change that can be detected by a 
measurement. Due to the nature of a digital image, the sensitivity in displacements within 
1 pixel can be readily computed. This can be measured by the pixel scaling which is 
calculated by dividing the length of the field of view by the number of pixels along the 
same distance. To further evaluate sensitivity to sub-pixel level, it is necessary to have 
access to the sub-pixel registration algorithm codes [46], which is not possible since 
ARAMIS is a commercial package. Nevertheless, the true sensitivity of the ARAMIS DIC 
system was still able to be estimated using equations using equations (11) - (15), which 
were provided by the manufacturer. The sensitivity values for both monotonic and fatigue 
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test setups are presented in Table 8. 
Table 8. Sensitivity Calculation Parameters 
Parameter Symbol 
Image size in the x-direction (pixels) xP  
Field of View in the x-direction (mm) xV  
Computation Size C  
Facet Size (pixels) F  
Facet Step (pixels) S  
 
 Strain Sensitivity (%) = 
 
2
1
4
100%
C 1
F
S
 
 
  

  (11) 
 Out-of-Plane Sensitivity, OP  (µm) = 1,000
30,000
xV    (12) 
 In-Plane Sensitivity (µm) = 
5
OP
  (13) 
 Total Points in the x-direction, xT = 
xP
S
  (14) 
 Point Spacing, PS (mm) = x
x
V
T
  (15) 
 
Point spacing is also calculated within the sensitivity analysis, which is the distance 
between two points in the virtual grid computed by the DIC algorithm, equivalent to the 
distance between two facet centroids. 
 
Summarized Uncertainty Quantification 
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The representative error parameters calculated through the methodology explained 
above is shown in Table 9. 
Table 9. Uncertainty Quantification 
Parameter Monotonic Fatigue 
Noise floor: Displacement  𝑢𝑥𝑥 (µm) 0.36 ± 0.43 0.17 ± 0.37 
 𝑢𝑦𝑦 (µm) 0.46 ± 0.61 0.34 ± 0.82 
 𝑢𝑧𝑧 (µm) 2.59 ± 3.29 0.60 ± 2.71 
Strain noise floor 𝜖𝑥𝑥 (%) 0.0008 ± 0.06 0.0003 ± 0.05 
 𝜖𝑦𝑦 (%) 0.0004 ± 0.04  0.0007 ± 0.05  
Accuracy Pixel Scale (µm/pixel)  28 42 
 Strain [89] up to 0.005 % 
Sensitivity: Displacement In-plane (µm) 0.47 
 Out-of-Plane (µm) 2.35 
Sensitivity: Strain 𝜖𝑥𝑥, 𝜖𝑦𝑦 (%) 0.015 0.05 
 Point Spacing (mm) 0.43 0.29 
 
3.4 AE Setup 
The AE system for both monotonic and fatigue tests consisted of a Micro-2 chassis, two 
2/4/6 voltage preamplifiers set to a uniform gain of 40 dB, and two piezoelectric PICO 
200-750 kHz lightweight miniature sensors, all manufactured by Physical Acoustics 
Corporation [90].  
              
Figure 36. AE system. Left: Micro-2 PCI AE Chassis [91] , Right: PICO 200-750 kHz sensor [92] 
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The Micro-2 chassis is equipped with four Physical Acoustics PCI-8 AE boards that allow it 
to hold up to 32 AE channels, each capable of simultaneous AE data acquisition, waveform 
processing and data transfer at speeds of up to 132 Mb/s, at a frequency range from 1 
kHz to 400 kHz through a 16-bit A/D converter. Furthermore the board’s built-in feature 
extraction capabilities include time to peak and peak amplitude, among others  [91]. The 
data was acquired through Physical Acoustics’ Windows-based AEwin™ software, and 
then post-processes through the Noesis software ™ which allows advanced data analysis 
and pattern recognition [90]. The MTS load signal was only supplied to the AE chassis 
through a coaxial cable. 
 
The PICO sensors have a small form factor, frequency range response between 200-750 
kHz with peak frequency at 250 kHz (Ref V/(m/s)) or 550 kHz (Ref V/µbar), and peak 
sensitivity of 54 dB (Ref V/(m/s)) or -68 dB (Ref V/µbar) [92]. The two sensors where 
attached to coupon with a hot glue gun within the gage-length of the non-painted surface, 
approximately 1 – 2 cm away from the tabs, as shown in Figure 37. 
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Figure 37. Front view of gripped coupon, showing DIC speckle pattern and two AE sensors at the back 
The signals received were amplified using a 40 dB preamplifier per sensor. To reduce noise 
signals generated from the surroundings and MTS motion, a threshold of 38-40 dB was 
chosen while the coupon was gripped under no applied load such that no noise data was 
recorded. The setup was performed as a hit-driven one with peak definition time, hit 
definition time and hit lockout time settings of 80, 600 and 600 microseconds. 
 
Calibration was done by examining the sensitivity of the sensor to a 0.5 mm pencil-lead 
break tests on the sensors prior to being glued onto the coupon, in which is a 100 dB 
amplitude signified a working sensor. Load and displacement was fed form the MTS using 
a parametric box from the same manufacturer however to ensure correlation between 
this NDT technique and the others, the AE acquisition was started with the loading 
simultaneously.
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CHAPTER 4: MECHANICAL BEHAVIOR CHARACTERIZATION & 
PROGRESSIVE DAMAGE IN TENSION 
 
The monotonic tension test results presented here were used to characterize the 
mechanical behavior by obtaining properties such as Young’s Modulus (𝐸), ultimate 
tensile stress (𝜎𝑢𝑙𝑡), failure strain (𝜖𝑓) and Poisson’s Ratio (𝜈, PR). Moreover, damage 
initiation and progression was quantified using DIC and AE data from tests performed on 
the four different types of coupons mentioned in Chapter 3. 
 
4.1 Mechanical Properties 
The mechanical properties were calculated using average full-field strains determined 
from post-processing of the images using the ARAMIS software, where “average full-field” 
refers to the average of the entire strain map calculated within the used Field of View 
(FoV), as opposed to specific regions or line gage measurements. To achieve this, the 
displacements and strains were first calculated using the following facet parameters in 
the DIC algorithm for all monotonic tests: 
Table 10. DIC parameter setup 
Parameter Value 
Facet Size X = 30, Y = 30  
Facet Step 15 
Facet Field 46 x 152 
Overlap (%) 50 x 50 
 
The average full-field strains were denoted as 𝜖𝑦𝑦̅̅ ̅̅  for the longitudinal and as 𝜖𝑥𝑥̅̅ ̅̅  for the 
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transverse, where the longitudinal direction was aligned with the loading direction (y-axis) 
while the transverse direction was perpendicular to the load and therefore parallel to the 
x-axis. Stress values were calculated by converting voltage vs time inputs from the MTS 
testing frame to Pascals using a conversion factor of 8896.404 N/V and the nominal 
coupon’s cross-sectional area of 52.31mm2 for 2DT1, 52.48mm2 for 2DT4, and 62.10 mm2 
for 3DT1 and T4. Finally, Young’s Modulus values were calculated by the slope in the 
obtained stress-strain curve between two 𝜖𝑦𝑦̅̅ ̅̅  values within the range of 𝜖𝑦𝑦̅̅ ̅̅  = 0.1% - 
0.6%, where two consecutive 𝜖𝑦𝑦̅̅ ̅̅  values had a difference of Δ𝜖𝑦𝑦̅̅ ̅̅  = 0.1%, as suggested by 
ASTM D 3039 [33] and the Suppliers of Advanced Composite Materials Association SACMA 
[93]. Poisson’s Ratio values were calculated by using a function readily available in the 
ARAMIS software to generate average full-field PR maps and then taking the average of 
the average full-field PR values between the same 𝜖𝑦𝑦̅̅ ̅̅  bounds used for Young’s Modulus 
calculations. The main results are presented in Table 11; the total amount of tests 
performed per coupon type varied based on available coupons.  
 
The results presented in Table 11  generally agree in magnitude and trend with what has 
been reported in the literature, especially for 3D woven carbon fiber composites [17, 19]. 
However differences naturally arise since there are variations on the experimental setup 
used in this investigation such as different fiber for the z-binder in the 3D material, 
different manufacturing processes and different acquisition setup. Moreover when 
calculating PR values specifically, it is important to point out that average full-field data 
was used which are significantly affected by strain localizations as it will be shown later, 
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therefore care has to be taken when interpreting PR values for this type of materials. 
Similar issues with PR calculations from full-field data have been previously reported in 
[17]. 
Table 11. Material Properties from Monotonic Tests 
Coupon Failure Load 
𝑷𝒇 [kN] 
Failure Strain 
𝝐𝒇 [%] 
Ult. Tensile 
Stress 
𝝈𝒇 [MPa] 
Young’s 
Modulus 
E [GPa] 
Poisson’s 
Ratio 
 𝝂 
2DT1-1* 42.9 1.48 834 73.27 0.084 
2DT1-2 41.5 1.46 807 71.92 0.096 
2DT1-3 42.0 1.47 817 70.86 0.109 
2DT1-4 43.0 1.46 835 65.41 0.173 
2DT1-5 45.7 1.45 873 71.03 0.135 
Average 43 ± 1.6 1.46 ± 0.01 833 ± 25 70 ± 3.00 0.12 ± 0.04 
      
2DT4-1* 41.1 1.38 781 68.34 0.087 
      
3DT1-1* 42.6 1.31 686 52.78 0.119 
3DT1-2 45.7 1.36 735 54.49 0.096 
3DT1-3 
 
45.8 1.37 736 53.29 0.164 
Average 45 ± 1.8 1.35 ± 0.03 719 ± 29 54 ± 0.88 0.13 ± 0.03 
      
3DT4-1* 48 1.50 773 48.83 0.056 
 
The test data for the coupons in Table 11 was then plotted to compare stress-strain curves 
and analyze the mechanical performance between the four types of coupons and to 
provide initial insights on the effect of the z-binder in 3D architecture. The results from 
the stared (*) coupons in Table 11 were then used for general comparison between all 
four coupon types. These plots are shown below in Figure 38:  
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Figure 38. Stress vs strain curves of coupons tested. a) Comparison between all four types, b) 
Comparison between all 2D tests, and c) Comparison between all 3D tests 
Even though the test population was not constant for all types of coupons, the 
comparison in  Figure 38 showed that: the 3D architecture (i) is less stiff as shown by the 
smaller slope in Figure 38a, (ii) has lower ultimate stress, and (iii) it further has a linear 
behavior until failure. The reduced stiffness has been attributed to damage inferred on 
the tows in the 3D composite during the weaving process when the z-binder was stitched 
[6]. A similar performance in monotonic testing was reported before in a comparison 
between 2D and 3D woven glass fiber composites [35]. 
 
Within the same architecture, it can be seen that in the 2D case the performance between 
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the T1 and T4 orientation is very similar. Recalling that T1 is oriented normal to the warp 
and T4 parallel to the warp and z-binder, is generally expected that the warp direction is 
stronger because it corresponds to tows with less waviness or crimp since they are held 
in tension during the weaving process. The existence of crimp has been shown to weaken 
woven composites [32], which agrees with the case shown in Figure 38c. Moreover in the 
3D case, recalling that T1 has 4 weft layers in the direction of the load and that T4 has 3 
warp layers plus the z-binder, it can be seen that the z-binder provides higher 
reinforcement. These results suggest that even though through-thickness reinforcement 
increases delamination resistance, it appears to do so at a cost in both stiffness and 
strength, proportional to the z-binder volume content, therefore it is an important design 
consideration. This observation has been shown by the results of other monotonic and 
fatigue studies that compared 2D vs 3D woven architectures [6, 9, 35]. 
 
Full-field strain maps were then generated for the starred coupons to visualize the 
evolution of macro and meso-level deformation provided by post-processing the DIC 
data. To provide more insight into these strain maps, they were compared against AE 
activity represented by cumulative counts and absolute energy curves, which assists in 
identifying relations between the data collected by both of these NDT techniques. Since 
the sampling rate was different for both the DIC and AE equipment, the raw data was 
post-processed by an interpolation code (Appendix A.1) and then plotted in the Origin 
software [94]. These plots are shown in Figure 39, where “x”s in stress-strain curves 
indicate the strain at which a corresponding full-field strain map is attained.  
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Figure 39. Representative stress-strain curves with AE data for different coupon types tested, next to 
𝝐𝒚𝒚̅̅ ̅̅  maps at marked strain levels 
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Note that during the calculation of such strain maps, facet losses due to speckle mis-
registration or due to occurring damage resulted into what appears to be white squares, 
for which DIC measurements could not be obtained. 
 
In the full-field strain maps in Figure 39 it can be observed that localizations of strain take 
place in the form of strain-related “hot-spots”, which correspond to regions of 
concentrated strain. Examples of these hot-spots are indicated in the different coupons 
by circles on the strain maps in Figure 39, which were obtained at strain levels at which 
they started to appear for the corresponding coupon. These local deformations appear 
almost instantaneously at certain levels of strain, as these are recorded by DIC frames 
taken every 0.5 s. Global strains at which such localizations happen vary by coupon type, 
such as 0.66% for 2DT1-1 and 0.85% for 3DT1-1. As deformation progresses, more hot-
spots appear by either steady growth in previous hot-spots or other new appearances.  
 
It is interesting to note that these hot spots are directly related to the structural weave 
geometry of the coupons as demonstrated in Figure 40. This means that by using DIC, the 
main load carrying units can be identified across the four different coupon types. The 
clearest cases of the strain field picking up the weave geometry are both 2D types and 
3DT1 coupons as shown in Figure 40: 
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Figure 40. Raw images of coupon surfaces with corresponding 𝝐𝒚𝒚 full-field maps, showing registration 
of weave pattern, with labels indicating which weave features correspond to hot-spots 
In the 2DT1 case the hot-spots correspond to the warp crossing, in 2DT4 to the weft 
crossing and in 3DT1 to the z-crowns. In the 3DT4 the pattern is not as discernible 
however upon closer inspection, the hot spots correspond to the weft tow between two 
z-crowns, whereas the z-crowns themselves are located within green regions between 
two hot-spots along a single weft tow, however they are not as discernable. All these load 
carrying units being tows and strands (z-binders), have in common that the orientation of 
the fibers that compose these weave constituent is perpendicular to the loading direction, 
which is the weakest orientation of a uni-directional group of fibers such as a tow or a 
strand. As a result, individual fibers in these load carrying units deform by being pulled 
apart, reflected as significant changes in strain in different locations depending on the 
architecture. Because deformation is related to damage, monitoring the occurrence of 
these hot spots and analyzing the effects provides a way to monitor damage progression 
in these type of woven composites, as shown later in this chapter. 
 
The strain at which these hot spots appear can also be seen to agree with AE cumulative 
energy initiation, which is shown in Figure 39 by the dotted circles in strain maps 
highlighting the initial appearance of hot-spots around strain levels at which energy 
initiates.  It is interesting to note that cumulative counts appear to accumulate before the 
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energy follows a similar pattern, which indicates that an amount of low energy events 
precede high AE energy events, as previously reported [17]. Also in cases such as 3DT1-1 
and 2DT4-1 the cumulative counts curve seems to begin at a steady rate and right at the 
strain level marked as 𝜖𝑖 in Figure 41 below, where hot-spots appear and AE cumulative 
energy trend line changes slope (higher energy events initiate), this rate increases 
drastically indicating a transition in the recorded AE activity.  
 
Figure 41. Representative comparison of coupons showing different strain thresholds at which in AE 
cumulative energy changes 
Overall, AE cumulative energy shows significantly different trends for the four types of 
coupons. Such differences are described herein by defining two different strain thresholds 
at which AE energy changes in Figure 41, namely 𝜖𝑖 and 𝜖𝑓, for which the subscripts used 
correspond to “energy initiation” as previously indicated and “final stabilization”, 
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respectively. From these plots, a major difference between 2D and 3D type coupons is 
that AE energy accumulates differently depending on the coupon’s architecture. In 2D 
coupons energy increases with a constant rate for both T1 and T4, whereas in the 3D 
coupons energy grows in steps by initiating at 𝜖𝑖 then entering a stabilization stage, 
marked by 𝜖𝑓, at which energy reaches a plateau and remains in this state until ultimate 
failure occurs. In fact this stabilization stage is more evident in 3DT1 than in 3DT4. Even 
though only one test was done for 3DT4, all three 3DT1 tests performed exhibited the 
same behavior, increasing the confidence in these measurements. 
 
Using these thresholds, it can be seen that by adding the z-binder reinforcement, the 
deformation progression can be monitored by AE more effectively in 3D than in the 2D 
architecture because the material undergoes distinct changes in AE energy trend at 
different strain levels, namely 𝜖𝑖 and 𝜖𝑓, as shown in Figure 41. This is supported by the 
fact that in the 2DT1 structure only 𝜖𝑖 could be identified in all five 2DT1 tests, whereas 
in the three 3DT1 tests both 𝜖𝑖 and 𝜖𝑓 could clearly be identified. Also this behavior has 
been reported by Lomov et Al in 3D glass fiber composites [35] and in 3D carbon/epoxy 
composites by Bogdanovich et Al [17]. In both these references strain thresholds were 
specified by inspection of changes in AE energy, such as in this investigation. However AE 
data in these investigations was only available right after 𝜖𝑓, when the plateau was 
reached because AE sensors were removed to avoid damaging them, whereas in this 
study the sensors remained attached up to ultimate failure. Finally these energy trends 
are very different to non-woven laminate FRPCs, where no noticeable energy trend was 
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detected well before ultimate failure [43]. 
 
4.2 Spatiotemporal Coupling of Macro and Meso-level Deformation 
Woven composites are complex structures, involving features of different length scales. 
Therefore it is important for the fundamental understanding of their mechanical behavior 
to relate deformation across micro (sub-tow features), meso (unit cell constituents) and 
macro-level (whole coupon) scales. In this section, analysis focused on the deformation 
of T1 orientation (weft along loading direction in 2D and 3D, z-binder perpendicular to 
the load in 3D) is made at two scales: (i) macro-level, which focuses on global or bulk 
behavior of the material, and (ii) meso-level, which focuses on individual tows and 
strands. 
 
4.2.1 Macro-level Deformation 
It was shown in previous sections that full-field 𝜖𝑦𝑦 maps provide insight into various 
deformation patterns, however another measure that can also be used is full-field 𝜖𝑥𝑥 
maps, corresponding to the direction perpendicular to the load. By having full-field 
information on both directions, a broader understanding of two-dimensional 
deformation is achieved. The following terminology is adopted for clarity and consistency: 
elongation and shortening will be used to describe longitudinal deformation, and 
expansion and contraction for the transverse direction. Therefore focusing on 2DT1 and 
3DT1, the corresponding resulting full-field transverse maps are shown in Figure 42, 
where the sequence of 𝜖𝑥𝑥 maps was taken at the same 𝜖𝑦𝑦̅̅ ̅̅  values shown in Figure 39. 
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From the transverse strain maps shown in Figure 39  it is interesting to note that 
contraction and expansion occurs simultaneously in different features in both 2D and 3D 
coupons, shown by blue (contraction) and red (expansion) colored hot-spots. In the 2DT1 
case the pattern created by these different localizations is not as repetitive as in the 3DT1 
case. For example in Figure 42a, the blue hot-spot at 𝜖𝑦𝑦̅̅ ̅̅  = 0.66% indicated by the red 
arrow and the red hot-spots at 𝜖𝑦𝑦̅̅ ̅̅  = 1.10% indicated by the dotted circles, both 
correspond to warp crossings. In the 3DT1 case however, it is clear that weft tows are 
contracting and z-crows are expanding, indicated by blue and red hot-spots, respectively. 
This pattern shows that z-binders cause more uniform patterns of localized transverse 
strain, as well as significantly less macro transverse strain than in 2DT1, based on the 
comparison between both 𝜖𝑥𝑥 maps. 
 
Also note that the hot-spots indicated above occur at the same time and location as the 
longitudinal strain hot-spot shown in Figure 39 for the corresponding coupon type. 
Moreover in all 3DT1 tests, it was observed that at 𝜖𝑦𝑦̅̅ ̅̅  ≈ 0.80%, only some z-crowns 
undergo a sudden expansion and elongation indicated by hot-spots in transverse and axial 
full-field maps, while other reach these higher strains in a progressive manner. This can 
be explained as follows: once a saturation state of sudden z-crown deformations has been 
reached, the remaining z-crowns become hot-spots however in a progressive manner, i.e. 
not instantly as the initial ones, because the material has already reached its maximum 
ability to redistribute the load using the damage mechanism related to sudden hot-spots. 
These local effects in 3DT1 are analyzed further in the following section focused on meso-
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level deformation. 
 
Figure 42. Progression of 𝝐𝒙𝒙 in a) 2DT1-1 and b) 3DT1-1 
The occurrence of these localizations is the reason that caution should be taken when 
average full-field strains are used as a measure of macro-deformation. In fact, any type of 
strain localizations can cause significant changes in calculations based on averages in 
some region of interest that are provided as representative of the bulk behavior of the 
material. Nevertheless, quantifying 𝜖𝑥𝑥̅̅ ̅̅  and 𝜖𝑦𝑦̅̅ ̅̅  still provides a quantitative way to 
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monitor the overall material deformation. To demonstrate the potential effect of 
localizations in deformation measurements, 𝜖𝑥𝑥̅̅ ̅̅  vs 𝜖𝑦𝑦̅̅ ̅̅  were plotted for 3DT1-1 as shown 
in Figure 43:  
 
Figure 43. Damage-induced peaks in 𝝐𝒙𝒙̅̅ ̅̅  
In Figure 43 it can be seen how damage can result in significantly higher calculations of 
strain values when points are lost due to the appearance of a damaged zone, causing a 
peak in the 𝜖𝑥𝑥̅̅ ̅̅  and 𝜖𝑦𝑦̅̅ ̅̅  curve which is evidently an erroneous calculation artifact. Given 
the strain maps in Figure 43, deformation around 𝜖𝑦𝑦̅̅ ̅̅  = 1.239% appears to form a hot-
spot on the top-right corner of the FoV. At 𝜖𝑦𝑦̅̅ ̅̅  = 1.243% a crack appears indicated by the 
red arrows, which with increasing load, grows until a distinct and vertically orientated 
damage zone is created, clearly visible at 𝜖𝑦𝑦̅̅ ̅̅  = 1.269%. Note that as the hot-spot grows, 
the peak in 𝜖𝑥𝑥̅̅ ̅̅  increases as a result of the loss of available measurement points used by 
the DIC algorithm. This makes sense since red represents positive deformation, i.e. 
expansion. This observation can also be explained quantitatively by exporting the DIC data 
and analyze them; strains up to 21% were calculated at points within the red hot spot. 
This demonstrates the caveats in using DIC data without careful post-processing and 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
-0.12
-0.11
-0.10
-0.09
-0.08
-0.07
-0.06
-0.05
-0.04
-0.03
-0.02
-0.01
0.00
 x
x
 (
%
)

yy
 (%)
3DT1-1
1.239%
1.243% 1.267%
1.269%
1.219%
1.310%
1.239% 1.243%
1.267% 1.269%
1.219%
1.310%
(%)
68 
 
simultaneous consideration of the progressive development of damage. Observations 
such as the peak in Figure 43 are not seen in the other two 3DT1 tests, however this 
analysis is shown here to emphasize the need for further post-processing in the case of 
full-field measurements in woven composites.  
 
Furthermore, 𝜖𝑥𝑥̅̅ ̅̅  vs 𝜖𝑦𝑦̅̅ ̅̅  data were filtered to smooth out the plot by using a Locally 
Weighted Scatterplot Smoother (LOWESS) in the Origin software. This smoothing method 
was chosen because it can remove potential outliers by minimizing a weighted residual, 
and reconstructs the data using a fitted value at each partition [95]. The main smoothing 
parameter in LOWESS is the window size, which is the number of points to be considered 
per partition and is usually determined by trial and error such that noise is reduced while 
still preserving the main trend in the data. In this case the window width used was 
between 10% and 20% of total data points, corresponding to 30-40 data points. The result 
of this procedure is shown for 3DT1-1 in Figure 44. 
 
Figure 44. Post-processing of 𝝐𝒙𝒙̅̅ ̅̅  using LOWESS smoothing 
In Figure 44 for 3DT1-1, the magnitude (defined as the absolute value of the actual 
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measurement) of 𝜖𝑥𝑥̅̅ ̅̅  can be seen to increase, which shows that the global deformation 
trend is to contract as elongation due to tension occurs. It can also be observed in Figure 
44 that the slope of the 𝜖𝑥𝑥̅̅ ̅̅  curve changes at 𝜖𝑦𝑦̅̅ ̅̅ ≈ 0.65% as marked by the dotted vertical 
line. To analyze this change of the slope, three datasets corresponding to the 3DT1 case 
are plotted in Figure 45 for comparison: 
 
Figure 45. Relation between macro-level deformation and AE energy in different 3DT1 tests 
In Figure 45, three different strain levels are indicated: (i) 𝜖𝑖 and 𝜖𝑓 corresponding to 𝜖𝑦𝑦̅̅ ̅̅  
values at which the AE energy changes as mentioned earlier, and (ii) the actual 𝜖𝑦𝑦̅̅ ̅̅  value 
at which the data trend of 𝜖𝑥𝑥̅̅ ̅̅  changes slope for the first time. It is interesting to note 
that even though all 3DT1 coupons exhibited the expected contraction, they contract in 
different ways after the first 𝜖𝑥𝑥̅̅ ̅̅  trend change. For example in 3DT1-1, the change of 𝜖𝑥𝑥̅̅ ̅̅  
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trend is significant, whereas for 3DT1-3 the slope remains nearly constant throughout the 
whole experiment. This variation is probably due to random manufacturing defects, such 
as void content for example, as demonstrated later in Chapter 6 using micro-CT data. 
Figure 45 shows that apart from varying magnitudes, the 3DT1 type specimens have a 
repeatable change in trend of transverse deformation before 𝜖𝑖 is reached. Therefore an 
𝜖𝑦𝑦̅̅ ̅̅  level before 𝜖𝑖 can be identified quantitatively by monitoring 𝜖𝑥𝑥̅̅ ̅̅  as defined by the 
change of trend described above. Moreover, stiffness does not seem to be affected by 
changes in 𝜖𝑥𝑥̅̅ ̅̅  as the stress-strain curves remain at approximately the same slope 
throughout the test. However if the stiffness of the material were to be investigated by 
unloading and reloading the coupon at different 𝜖𝑦𝑦̅̅ ̅̅  values, it has been shown that for a 
3D woven composite loaded in the fill direction [79] (i.e. T1 orientation) stiffness does 
decrease drastically after 0.65% of ultimate failure strain (i.e. 0.65 x 1.4 = 0.91) is reached, 
which in this investigation corresponds to values approximately at 𝜖𝑓 as indicated in 
Figure 45.  
 
For comparison to its 3D counterpart, different 2DT1 tests were also analyzed in the same 
way with the results shown in Figure 46. It can be observed that he 2DT1 material deforms 
significantly more with respect to 3DT1 specimens by comparing both longitudinal and 
transverse directions. Specifically, the transverse deformation in 2D was found to be 
about five times higher than in 3D at ultimate failure. Moreover a change in transverse 
strain can be identified before 𝜖𝑖, after which the 𝜖𝑥𝑥̅̅ ̅̅  value increases in magnitude 
drastically. This shows direct evidence that  the z-binder contributes to transverse 
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reinforcement in 3D architecture, in addition to delamination resistance and post-impact 
properties previously shown in literature [11]. 
 
Figure 46. Relation between energy initiation and inflection points in Poisson’s Ratio in 2DT1 tests 
 
4.2.2 Meso-level Deformation 
Given the deformation localizations observed in the 3DT1 material and their effects in 
global analysis, it is important to take a closer look by analyzing local strain fields to 
monitor deformation in local regions and the meso-level structure within. This also allows 
a closer analysis on the z-binder and the way it affects the deformation and damage 
behavior of the composite. However a challenge with analyzing local Regions of Interest 
(ROI) is defining their appropriate size. Therefore to define a suitable ROI size for analysis, 
𝜖𝑥𝑥̅̅ ̅̅  for different ROIs shown in Figure 47 was plotted and compared: 
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Figure 47. Influence of ROI size in observed deformation in 3DT1-1 
It is interesting to see that deformation greatly depends on the ROI size. Comparing both 
extremes, namely F1 vs “Macro” ROIs, after around 𝜖𝑦𝑦̅̅ ̅̅ = 0.68%, they show completely 
opposite trends; specifically F1 shows expansion while Macro shows contraction. 
Therefore Figure 47 shows that to fully characterize the damage progression in 3D woven 
composites, a multi-scaled analysis of the available experimental data is necessary. This 
however gives rise to the following question: what happens when you go even closer, up 
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to single features such as a z-crown or weft crossing? This will be addressed later in this 
section, but for now the focus are local regions. 
 
Various modeling strategies of 3D woven composites involve defining a type of unit cell 
which could be representative of bulk behavior [96]. However the study in Figure 47 
shows that there is a strong size effect to the overall behavior of this type of composites. 
To further prove this, different F1-type regions encompassing four to five z-crowns were 
selected as shown in Figure 48, and  𝜖𝑦𝑦̅̅ ̅̅  and 𝜖𝑥𝑥̅̅ ̅̅  strains were calculated and plotted for 
each of these local regions. Areas A1 – A4 were selected as described above to include 
the specific z-crowns at which the first hot-spots had initially been observed by 𝜖𝑦𝑦̅̅ ̅̅   = 
0.85%, as seen in Figure 39c, and areas A5 – A7 at which hotspots appear later. The results 
are shown with comparison against “Macro” deformation in 3DT1-1. 
 
Despite the variation of magnitudes across all local curves in Figure 48, all show a distinct 
trend change some point after the first strain hot-spots appeared (Areas A1 – A4) by 𝜖𝑖, 
corresponding as mentioned earlier to AE energy initiation. Of more importance is the 
comparison between the local and macro curves, which both have similar behaviors up 
to  𝜖𝑦𝑦̅̅ ̅̅  ≈ 0.80%, however after this point local and macro deformation show opposite 
behaviors; the macro curve contracts at a faster rate, while the corresponding curves for 
areas A1 – A4 contract slower and eventually start expanding. This implies that once hot-
spots appear, local effects become important and definitely affect any calculations made 
at the macroscale level. 
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Figure 48. Location-dependent deformation shown by varying ROI locations compared to macro 
deformation. Full-field strain maps are shown at 𝝐𝒚𝒚̅̅ ̅̅   = 0.85%. 
The previous discussion concludes that an ROI approach is still not enough to characterize 
meso-deformation, which is why a feature-specific deformation analysis was deemed as 
necessary in this investigation. To address this, a close-up was made on A3 to graphically 
decompose its local deformation characteristics into full-field transverse and longitudinal 
strains shown in Figure 49. It can be seen that with increasing load, the z-crowns elongate 
(+𝜖𝑦𝑦) and expand (+𝜖𝑥𝑥) while the wefts elongate at lower rates (>>+𝜖𝑦𝑦) but contract (-
𝜖𝑥𝑥). The reduced y-axis deformation in the weft makes sense because the tows in T1 
orientation are aligned with the loading direction, which is the stronger orientation and 
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therefore showing more rigidity. On the other hand, load was being applied normal to the 
fiber direction in z-binders, which is the weaker orientation of a strand, resulting in z-
binder essentially being pulled apart. However as previously pointed out, in the 
transverse direction it is interesting to see that a deformation system takes place in which 
z-crowns expand while wefts contract. These expansions however are dominated by 
contractions because the average macro-deformation shows only contractions at 
different rates, as shown in Figure 45. Note that further localizations take place within the 
weft tow as indicated by the white triangle, which will be addressed later. 
 
Figure 49. Close-up on full-field 𝝐𝒙𝒙 and 𝝐𝒚𝒚  in Area 3 from Figure 48 showing z-crowns and weft regions 
These surface observations on individual features of the composite can be further 
analyzed by considering both the weft tow and z-binder structures isolated from the ROI, 
and by defining feature-specific strains. This can be done using the DIC data since the DIC 
algorithm builds a grid based on the overlapping of facet centroids dictated by the 
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weft
z-crown
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selected facet step size. Therefore since strain localizations have already been related to 
individual weave features, different facet centroids can be carefully selected to better 
correspond to the feature of interest. Therefore facet centroids corresponding to either 
z-crowns or weft tows were selected here to compute the corresponding average feature-
specific strains separately. This is shown graphically in Figure 50 for the 3DT1 case, where 
the grid overlay shown is the actual grid computed by the ARAMIS software from the 
overlapping of facet centroids: 
 
Figure 50. Using DIC full-field data to decouple macro-deformation into two separate meso-
deformations 
On average about 11 points were available for single z-crowns and 35 for the weft tows. 
This process was then repeated for approximately half the z-crowns and weft tows visible 
in the field of view, as shown above for the weft tows as example, where the darker spots 
are the selected weft tow surfaces. Once multiple locations of the same feature were 
selected, the corresponding average z-crown and weft tow deformation was calculated. 
This was done for 2DT1-1 and 3DT1-1 resulting in the plots in Figure 51, where for 2DT1 
the observable features were the weft and warp tows: 
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Figure 51. Comparison of meso-strains in warp, weft and z-crown between 2DT1 and 3DT1 architectures 
The plots in Figure 51 provide quantitative confirmation of the observations made in 
Figure 49, while they further validate the observation made earlier that z-crowns expand 
and elongate while weft tows contract and elongate. This deformation process in 2DT1 
and 3DT1 is schematically visualized in Figure 52. 
 
Moreover, by comparing 2D and 3D architectures using this analysis it can clearly be seen 
how the z-binder changes the mechanical behavior by comparing weft 𝜖𝑥𝑥̅̅ ̅̅  curves from 
both composites. The circled portion in the 2DT1 in Figure 51 indicates an accelerated 
transverse softening stage, which is not seen in the 3DT1 case where its transverse 
deformation has a more constant nature. This shows how the z-binder enhances the 
transverse rigidity of the composite and can be quantified from Figure 51 as 
approximately 30% less transverse deformation in the weft tow at ultimate failure than 
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in 2DT1, however at a cost of approximately 8% less longitudinal deformation. This 
enhanced rigidity shows that the z-binders act like transverse supports, resisting the 
natural reaction of the material to contract as it is pulled along the y-axis. On the other 
hand, weft tow’s 𝜖𝑦𝑦̅̅ ̅̅  in both architectures shows the similar uniform elongating behavior. 
These observations also occurred in the other 2DT1 and 3DT1 tests, confirming its 
repeatability.   
 
Figure 52. Top view diagram of deformation progression for different weave features in 2DT1 and 3DT1 
composites. 
Furthermore, it is interesting to notice triangle-shaped regions above and below a z-
crown within weft tows indicated in Figure 49, as previously mentioned. To inspect this 
observation, 𝜖𝑦𝑦 directions were displayed over the 𝜖𝑦𝑦 map and monitored with 
increasing load resulting in the following visualization. The noticeable different directions 
means that the material exhibited heterogeneous deformation. 
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Figure 53. Heterogeneous deformation development with increasing 𝝐𝒚𝒚̅̅ ̅̅  
Based on the orientation of the vectors in Figure 53, it could be concluded that weft 
deformation occurring between two z-crowns follows a diagonal path, from the edges of 
two parallel z-crowns to the center of a weft tow. In combination with the observations 
found in Figure 51 and Figure 52, this means that localizations not only take place as the 
weft tow itself contracts and elongates, but also within a single tow. The resulting 
deformed shapes can be visualized in Figure 54, assuming contact has not been lost at the 
boundaries between z-crowns and the weft tows:  
 
Figure 54. Top view diagram of meso-level deformation in 3DT1. Left: Before load, Right: After load. 
Dotted outlines on the right diagram correspond to the initial undeformed state. 
Besides strains, displacements can also be used to monitor meso-deformation to further 
validate what strain measurements indicate. This is done here by tracking a gage length 
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set across a weft or z-crown through all DIC images, essentially creating a virtual strain 
gage. This setup and results are shown in Figure 55 for 3DT1-1: 
  
Figure 55. Line gage setup to monitor change of lengths in X direction of weft tow and z-crown in A3 
from Figure 48, at the z-crown where a sudden hot-spot appears. 
The results in Figure 55 confirm that the z-crown is expanding while the weft tow is 
contracting. Interestingly, this sudden step  in transverse displacement took place in the 
same z-crown at which an instantaneous hot-spot appeared, as has been previously 
reported for 3D orthogonal woven E-glass composites [36]. Based on these results it could 
be hypothesized that if deformation was monitored through a cross-section normal to the 
loading direction in a 3DT1 coupon, then the nature of deformation in a 3DT1 material, 
based on the observations made in this section, could be similar to the one shown in 
Figure 56. 
 
Therefore considering boundary the conditions in the diagram of Figure 56, a jump in 
meso-𝑢𝑥𝑥 in the crown could be caused for example by: (i) the weft tow under the z-
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crown being pulled apart by the expansion of the z-crown, causing a sudden transverse 
fracture in the z-direction, or (ii) debonding at the z-binder and weft tow boundary. 
 
Figure 56. Diagram of meso-level deformation in a cross-section slice normal to loading direction. 
To investigate in more detail the role of the z-binder in 3D woven composites, the 
displacements gathered from the DIC measurements shown in Figure 55 were applied to 
a simplified Finite Element (FE) model. This permits carrying out an analysis focused 
specifically on the z-binder that also provides more graphical insight into the behavior of 
the z-binder as the 3D architecture deforms. Specifically, for a single z-binder loop 
assumed to be located right next to the YZ-plane of symmetry, i.e. along the coupon’s 
center, the results obtained for the displacements in the z-direction are presented in 
Figure 57. 
 
Even though this is an oversimplification of the real problem, the trapezoidal shape 
obtained provides a direct visualization of the reactions of the z-binder loop caused by 
the imposed displacements. One interesting aspect shown by this simulation is the 
resulting out of plane 𝑢𝑧𝑧 displacement of the crown in the z-binder loop. In reality the z-
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crown is bonded to the weft tow below it, however this effect could still be happening 
since the z-binder is actually rigid, like a wire, and could be structurally possible if 
debonding or fracture occurs, as it will be shown later in Chapter 6. 
 
Figure 57. FE model of z-binder with z-crown and weft displacement BCs imposed 
 
4.3 Detection of Z-Crown Pop-outs through 3D DIC 
Given the out-of-plane motion from the simulation above, the displacement in the z-
direction was investigated by computing 3D DIC data. Initial analysis consisted on 
monitoring z-displacement of the specific z-binder stitches in which z-crowns displayed 
hot spots. To achieve this, the z-displacement of sections defined along a complete z-
binder stitch, which spreads across the width of the coupon, was monitored. Figure 58 
shows the setup of these sections in 3DT1-1 located along the z-stitches at which the first 
four hot-spots appeared: 
z-crown 
weft 
z
y x
Symmetric 
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Figure 58. Location of sections on 3DT1-1 coupon 
The z-displacement plots for these four sections were then generated at each strain stage 
from the beginning of the test until the end. At the start of the test these plots show a 
uniform sinusoidal-type pattern with low amplitudes, where peaks and valleys 
correspond to z-crowns and weft tow locations respectively, which agrees well with the 
surface topology of the 3D wave architecture. However as load increased it was observed 
that around 0.8% axial strain, some of these peaks suddenly increase in value, while the 
locations of these peaks correspond exactly to the z-crown at which hot-spots appeared. 
The first four “pop-outs” of this nature are shown in Figure 59, with the corresponding 
strain levels at which they occur. These pop-outs can be visualized clearer by plotting the 
calculated 3D topology based on the available full-field data, as shown in Figure 60. 
Significantly higher peaks at z-crown hot-spot locations can be observed, especially when 
the topological map is observed from the side: 
 
84 
 
 
Figure 59. Z-displacement across sections in 3DT1-1 spanning the majority of the width (20 mm) at a) 
0.80% axial strain before pop-outs begin, b) 0.85% after the first four pop-outs occurred. 
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Figure 60. Topological map of 3DT1-1 coupon at 𝝐𝒚𝒚̅̅ ̅̅  = 0.85% 
A more effective way to track such pop-outs is by monitoring the z-coordinate of single 
facet centroid points (i.e. 1 of the 11 points available per z-crown shown in Figure 50) at 
several z-crown locations in addition to the four at which the initial hot spots and pop-
outs happen. This process is explained graphically in Figure 61, showing the chosen z-
crown location at which the z-coordinate will be monitored as load is applied. Using z-
coordinate data which is basically the travel of a point, the z-displacement at each z-crown 
labelled in Figure 61 was calculated by subtracting the initial value of the z-coordinate 
from all data entries. When these z-displacements were plotted, indeed a significant step 
in the z-direction was observed around 0.8% axial strain in many of the z-crowns selected 
above. This is shown below and compared to AE data for two 3DT1 tests in Figure 62. 
z=f(x,y)
y
z x y
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Figure 61. Selection of z-crown locations used to monitor z-displacement 
 
 
Figure 62. Initiation of z-crown pop-outs indicated by AE energy initiation in 3DT1-1. Black z-
displacement curves correspond to the last z pop-out observed from the z-crowns chosen. 
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The comparison between AE data and z-displacement shows a strong agreement between 
energy initiation and pop-out occurrence at 𝜖𝑦𝑦̅̅ ̅̅ ≈ 0.80%. Moreover, pop-outs occur at 
the same strains as hot spots, meaning that both pop-outs and hot-spots indicate a similar 
damage mechanism, which will be analyzed to a deeper extent in Chapter 6. Moreover, 
from the 14 z-crowns analyzed, not all of them showed this pop-out behavior such as z11 
in 3DT1-1, indicating its stochastic nature. Moreover it can also be seen that with further 
pop-outs taking place, the AE cumulative energy data trend appears to approach a steady-
state. Also keeping in mind that from this test setup only the front surface can be 
monitored with DIC, if all z-crowns on both sides of the coupon could be analyzed using 
the z-displacement and pop-out approach presented here, it would not be surprising that 
no more pop-outs would take place once energy stabilizes, showing that z pop-outs reach 
a saturation state. It must be emphasized that z-pop outs are surface measurements, 
meaning that the mechanism involved does not need to be necessarily happening within 
a z-crown strand, but also at any structure right below it such as the weft layer. Finally, 
these pop-outs have a magnitude of approximately 15 µm, which is well above the out-
of-plane 2.35 µm sensitivity, and the 2.59 µm displacement noise floor in the z-direction 
for the DIC setup as shown in Table 9. 
 
4.4 Major Observations 
Two NDT techniques have been used to quantitatively determine different stages of 
deformation in 2DT1 and 3DT1 through coupling of macro and meso-level deformation. 
In 3DT1, three energy threshold can been determine as 𝜖𝑡, 𝜖𝑖 and 𝜖𝑓 by monitoring  (i) the 
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change of trend in 𝜖𝑥𝑥, (ii) energy initiation with pop-out occurrence, and (iii) energy 
stabilization for 3D architecture only, respectively. The average values for these strain 
levels are  𝜖1= 0.67%, 𝜖2= 0.81% and 𝜖3= 1.02% from the three tests carried out. Therefore 
by monitoring these thresholds it is possible to estimate in what deformation state the 
material is, as well as its remaining life. 
 
Because both techniques have shown to register a deformation mechanism happening 
around 0.8% axial strain related to sudden x and z-direction displacement, these pop-outs 
could be considered as an indication of damage, i.e. a damage precursor. The fact that 
pop-outs seem to stop as AE energy stabilizes suggests that pop-outs could be a stress 
relief mechanism that allows a redistribution of load to cope with progressive damage. 
Further analysis on this pop-out observation is performed in the following chapters to 
understand better how these pop-outs develop and to what damage mechanism they are 
related to. 
 
4.5 Failure Modes 
Figure 63 shows representative ultimate failure patterns as seen on the surface of the 
different composites tested, shown with the testing orientation and description of failure 
per ASTM D3039. It is interesting to see that the fracture at ultimate failure in 2D 
composites seemed to grow at an angle, which can be explained with an analysis of the 
underlying features. Upon inspection of a pristine 2D surface and strain map, as shown in 
Figure 40, it can be seen that a similar diagonal pattern is created by changes in interlacing 
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warp or weft tow takes place referred to as a tow crossing. These crossings are also the 
main load carrying units as shown by the hotspots observed at these locations as 
explained in Figure 40. Moreover, the fact that the crack propagates along these crossing 
point shows that these are also the weak points in this 2D composite depending on the 
loading orientation: warp crossings in 2DT1 and weft crossings in 2DT4. 
 
Figure 63. Photos of failure modes in different coupon types 
This fracture pattern is not seen in 3D coupons. In this case the fracture is mostly a 
complete failure along the width of the coupon, no burst-type failure takes place. The 
main characteristic of ultimate fractures in 3D is that it happens at z-binder locations: in 
3DT1 shown above the fracture happened right along a z-binder stitch, whereas in 3DT4 
fracture happened in the region where the ends of parallel z-crowns go under the weft 
tow. This indicates that either the material was damaged as the z-binder was being 
stitched during the weaving process, introducing weak points in the material, or that the 
locations of z-binder stitches become the weak points as the material deforms. 
 
These failure modes are acceptable based on ASTM D3039 except fracture at and within 
Burst in Gage 
length
Burst in Gage 
length
Fracture in 
Gage length
2DT1-4 2DT4-1 3DT4-13DT1-3 3DT1-2
Fracture inside 
tab/grip
Fracture at 
tab/grip
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the tab which happened only on 3D coupons. This failure mode is speculated to be 
associated with ineffective load transfer by the testing setup used with this specific 
material, however the determined mechanical constants agree with the literature. 
Moreover this failure mode occurred multiple times. Therefore based on this reasoning it 
was determined that the data from coupons that failed at the grip were still useful and 
therefore used in this thesis. 
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CHAPTER 5:  DAMAGE PROGRESSION IN FATIGUE 
 
Given the occurrence of z pop-outs and their close relation to 𝜖𝑖, which also correlates 
with the appearance of high energy AE events, it is of interest to examine further these 
findings under fatigue loading conditions, especially for the T1 orientation. A comparison 
of the fatigue behavior between 2DT1 and 3DT1 type coupons is reported. 
 
5.1 Design of Fatigue Test 
The fatigue tests included two 2DT1 and three 3DT1 specimens. All tests were monitored 
using both DIC and AE.  
 
Figure 64. Tension-tension fatigue test limits for 2DT1 and 3DT1 using R=0.1, 𝝈𝒎𝒂𝒙 = 0.75 𝝈𝑼𝑻𝑺 
The fatigue load limits for both experiments were chosen such that the material would 
be tested approximately about the initiation strain 𝜖𝑖, which is of interest for its relation 
to z-crown pop-outs in 3D architecture and the AE data trend reported in Chapter 4. 
Hence, a maximum stress of 75% the ultimate tensile stress was used as the upper fatigue 
limit, and the minimum limit was defined using an R ratio of 0.1. The fatigue test limits 
are shown in Figure 64; a summary of the obtained results is provided in Table 12. 
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Generally the use of any type of 3D reinforcement (woven, stitched, pinned) has been 
shown to degrade the fatigue performance of composite materials when compared to 
their 2D counterparts [6]. This agrees with the fact that the fatigue test that lasted the 
least cycles was 3DT1-f2, however it contradicts with the fact that the coupon that lasted 
the longest was also a 3D type: 3DT1-3. The spread of these results means that more tests 
would be required to determine whether the fatigue performance agrees or not with the 
literature, however this was not the purpose of this investigation. Moreover, the variation 
within the same architecture suggests a high degree of random manufacturing defects 
between coupons. 
Table 12. Fatigue Life Results 
Coupon Fatigue life 
𝝈𝒎𝒂𝒙  
(𝝈𝒎𝒂𝒙= 75% 𝝈𝒇̅̅ ̅)  
 
  
Amplitude 
 
2DT1-f1 28,000 
625 MPa 281 MPa 
2DT1-f2 12,100 
  
3DT1-f1 20,400 
539 MPa 243 MPa 3DT1-f2 1,200 
3DT1-f3 56,200 
 
5.2 Fatigue of 2DT1 
All coupons with 2DT1 architecture failed in a burst-type manner as shown in Chapter 4. 
The hysteresis loops were generated based on 𝜖𝑦𝑦̅̅ ̅̅  data calculated at 10 of the 13 images 
acquired in a sequence controlled by a DIC acquisition code [43] such that a complete 
cycle was sampled. The 10 𝜖𝑦𝑦̅̅ ̅̅  data points were then connected by Bezier curves in the 
Origin Software until a whole loop was closed. In some cases a noticeable sharp kink in 
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the loop was created where the first and last Bezier curves join, whereas in other cases 
the loop was closed in a much smoother manner. The resulting hysteresis loops for 2DT1-
f1 and 2DT1-f2 coupons are shown in Figure 65.  
 
From preliminary visual inspection it can be seen that the 2DT1 composite undergoes 
significant creep, understood as deformation that accumulates with time [97]. This creep 
can be observed by monitoring the hysteresis loops from 1% to 99% of its Life Fraction 
(LF), resembling a softening-like behavior which increases dramatically after 50% of its 
life. By 99% of its life, shown by the red loops in Figure 65, it can be seen that the 
maximum 𝜖𝑦𝑦̅̅ ̅̅  reached was around 1.43% and 1.62% in 2DT1 -f1 and -f2, respectively. The 
first value is very close to the average monotonic ultimate strain shown in Chapter 3 for 
2DT1 composites, 𝜖?̅? = 1.48%, however the second value is much greater than 𝜖?̅?, showing 
some cycle-dependent reinforcement, which could be due to meso-level mechanisms 
such as fiber and tow straightening [citation]. 
 
Figure 65. Hysteresis loops in a) 2DT1-f1 and b) 2DT1-f2. 
It is important to note that throughout this chapter, hysteresis loops that have irregular 
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ellipsoidal shapes such as the one corresponding to 25% LF in Figure 65a, are due to a 
measuring inability in DIC caused by the deterioration of the speckle pattern due to 
damage effects reported in Chapter 4. Therefore it is important to clarify that the irregular 
loops shown herein are an indication of damage, not a true representation of mechanical 
behavior. For example this can be observed in the full-field 𝜖𝑦𝑦̅̅ ̅̅  progression for 2DT1-f1 
shown in Figure 66, where a tow debonding crack is seen to develop on the right side of 
the coupon which creates localizations of strain, resulting in the irregular hysteresis loop 
observed at LF=25% in Figure 65. 
 
Figure 66. Representative progression of full-field axial strain at 𝝈𝒎𝒂𝒙 in 2DT1-f1 at different LF 
Moreover, delamination at the edges was already visible by LF = 25%, which is seen to 
initiate at hot-spot locations (warp crossings in 2DT1) indicated by red arrows in the 𝜖𝑦𝑦̅̅ ̅̅  
maps corresponding to LF = 1% and further in 25%. This indicates how tow crossings 
create stress concentrations at which damage initiates. By LF = 99%, multiple weft tow 
segments had significantly detached form the coupon at both edges, including at the 
location of the damage indicated at LF = 25%. Also note that the DIC FoV is much shorter 
than in the monotonic case due to the use of longer tabs and the significantly greater 
obstruction of the grips in both cameras. 
[%]
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Following the analysis method in Chapter 4, progressive damage in fatigue was monitored 
through 𝜖𝑥𝑥̅̅ ̅̅ , 𝜖𝑦𝑦̅̅ ̅̅  and AE data. However in this case time-driven AE data was used instead 
of cumulative data since trend changes are more noticeable in time-driven data, based 
also on the fact that fatigue tests lasted a few hours. In order to describe AE events using 
an “energy/counts” format, the following naming convention will be used for energy: low 
(100 –103 aJ), moderate (103 –106 aJ), and high (106 –109 aJ); and for counts: low (10–100 
or blue), moderate (100–200 or green), and high (200–300 or red). Moreover, full-field 
data correspond to images taken at maximum stress level of fatigue cycles. These 
calculations were performed through post-processing of the whole test data by a MATLAB 
code (Appendix A.2) to extract data only corresponding to maximum stress values. The 
results are shown in Figure 67 for both 2DT1 tests. 
 
The plots in Figure 67 show similar trends in both 𝜖𝑥𝑥̅̅ ̅̅  and 𝜖𝑦𝑦̅̅ ̅̅ , with a significant “bump” 
in 𝜖𝑥𝑥̅̅ ̅̅  corresponding to a decrease in magnitude of transverse strain, occurring at the 
beginning and end in –f1 and –f2 tests, respectively. Based on the discussion in Chapter 4 
regarding this type of observation in average calculations, a more detailed full-field 
inspection on both 2D fatigue experiments will be presented next. 
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Figure 67. Comparison of NDT data in a) 2DT1-f1 and b) 2DT1-f2 tests. Strain and Energy-Counts results 
in the top and bottom respectively. 
This analysis revealed that these bumps in 𝜖𝑥𝑥̅̅ ̅̅  were caused by the growth of a debonding 
crack developing between two parallel weft tows, i.e. in the y-axis direction, which 
resulting in high positive strain localizations that induced the bump once the average 
transvers strain values was calculated. This crack growth is shown for 2DT1-f2 in Figure 
68, where the three 𝜖𝑥𝑥 maps were taken before, during and after the bump in 𝜖𝑥𝑥̅̅ ̅̅  
between 10,000 and 12,000 cycles. It can be seen how the hot-spot indicated by the red 
arrows grows with increasing cycles until it disappears once the damage prevents further 
facet registration in that region, corresponding to the drop in bump in 𝜖𝑥𝑥̅̅ ̅̅  prior to 
ultimate failure. Moreover it can be seen that this damage mechanism‘s effects is more 
visible in 𝜖𝑥𝑥 maps than 𝜖𝑦𝑦 maps, which emphasized the need to monitor both 
deformation directions. 
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This type of damage in the transverse direction is what the z-binder in the 3D architecture 
would be aiming to mitigate because under fatigue, the contraction-expansion 
mechanism explained in Chapter 4 is reproduced multiple times, promoting damage 
between two adjacent weft tows, resulting in the tow debonding crack seen in Figure 68. 
Moreover this type of bump in both tests is accompanied with low count (cyan 
color)/moderate energy AE events. 
 
Figure 68. Sentivity of 𝝐𝒙𝒙̅̅ ̅̅  to crack growth between weft tow boundaries 
In the longitudinal direction, both tests show an initial step in 𝜖𝑦𝑦̅̅ ̅̅   curve, which stabilizes 
at point “A” and “C” for –f1 and –f2 coupons, respectively. Additionally, as 𝜖𝑦𝑦̅̅ ̅̅  reaches 
this step, high energy/high count AE events are recorded which stop at A and C. When 
the DIC images were inspected, right at A and C, tow debonding cracks are visible for the 
first time on the surface for both 2DT1 coupons, therefore some of the AE event with 
these characteristics could be related to the damage that caused these initial debonding 
cracks. As indicated by the red arrows in Figure 67, more AE events with this 
N =10,200 N =10,700 N =11,800
warp
weft
warp
weft
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characteristics were also recorded after points A and C, at which raw DIC images 
sometimes revealed new debonding cracks, whereas at other cycles there was no visual 
sign of new damage. This could mean that that AE events either occurred within the 
volume or at the opposite surface of the coupon where images were not acquired.  
Moreover, at points B and D, a more concentrated peak of these high energy/high count 
AE events took place along with an small increase in 𝜖𝑦𝑦̅̅ ̅̅ , however with no new damage 
visible in DIC images. Sample waveforms for some of types of AE events mentioned above 
can be seen in Figure 69.  
 
It is interesting to note the “arc” formed by AE events in 2DT1-f1 between 5000 and 
13,000 cycles, more clearly shown in the close-up in Figure 70. From the noticeable 
portion of this arc, outlined by the red curved arrow parallel to the arc’s path in Figure 70, 
it can be seen that it is composed of low count AE events that vary within moderate 
energy levels. Upon waveform inspection and comparison to pre-load noise signals, it was 
clear that these events were not noise signals because they were not continuous 
waveforms and their amplitudes were much higher than in noise waveforms. 
99 
 
 
Figure 69. AE hit energy and counts plot with sample waveforms for 2DT1-f1 
 
 
Figure 70. Close-up on arc formed by AE events in 2DT1-f1 
In addition, this observation had been previously observed in tests prior to the ones 
presented in this thesis, in which different AE sensors and coupon types were tested, 
therefore it was concluded that this type of arc corresponds to AE sources not related to 
noise. Interestingly enough, right at the end of arc around 13,000 cycles, a peak in high 
energy and high count event occurs, meaning that this could potentially be a type of 
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damage mechanism that ultimately results in another one. For example these could be 
signals corresponding to the opening and closing of cracks which later grow or cause new 
cracks due to fatigue, however a more detailed analysis would be required to confirm the 
sources of such peculiar AE data trend. This behavior can also be observed twice in 2DT1-
f2 in Figure 67b: between 4,000 – 6,000 cycles and 10,000 – 11,000 cycles. 
 
5.3 Fatigue of 3DT1 
The analysis for the three 3DT1 tests is presented herein. It should be emphasized that 
strains curves presented in this chapter do not start at zero values because these 
calculations were made starting after the first cycle was completed. Further for z-
displacement calculations, not all curves begin at the same value because of different 
surface topology and potential damage occurring at z-crowns within the first cycle. 
 
5.3.1 3DT1-f2 
In this coupon ultimate failure occurred by fracture inside the lower tab, with some tow 
pull-out along the right edge as shown in Figure 72. The hysteresis loops for the 3DT1-f2 
coupon along with the evolution of 𝜖𝑦𝑦 maps at corresponding hysteresis loops are shown 
in Figure 71. The closeness of the hysteresis loops indicate less creep in 3DT1-f2 when 
compared to 2DT1. However this can only be said based on loops between LF = 1% – 50% 
because the subsequent loops begin to move to the left due to the development of low 
strain localizations as seen in Figure 71b, resulting in calculation errors. In fact these 
localizations happen along the tow that has begun to debond at the locations below the 
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available strain map FoV, indicated by the red dotted regions. In addition to this tow 
debonding, some damage took place by LF = 25% in the form of complete detachment of 
a weft tow portion indicated by the red arrow in Figure 71b, located at the right edge of 
the coupon. 
 
Figure 71. Fatigue test results for 3DT1-f2: a) Hysteresis loops, b) Full-field axial strain at 𝝈𝒎𝒂𝒙 at 
different LF. 
Note that by LF = 99%, the 𝜖𝑦𝑦 of z-crown hot-spots located along the weft tow that 
debonds increases by approximately 1% strain. These z-crown localizations were also 
observed in the monotonic loading case in Chapter 4. Interesting enough, these 
localizations and visible debonding damage take place primarily along one of the weft 
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tows that eventually pull-out at ultimate failure. 
 
To monitor z-displacement behavior, the same process was done as in Chapter 4 where 
points on different z-crowns were tracked, but in this case all z-crowns in the field of view 
were monitored since the field of view was smaller due to the DIC setup for these fatigue 
experiments. Because there was significant tow pull-out at the right half of the coupon, it 
was of interest to explore the potential relation between this damage mechanisms and z-
crown pop-outs. Figure 72 shows the broken coupon along with the DIC z-crown setup 
with labels on only four z-crowns in the right half corresponding to coupon side at which 
the pull-out was observed, as well as a diagram of the underlying weave architecture, 
recalling that in T1 orientation z-crowns are orientated perpendicular to the load and weft 
tows in the direction of the load. 
 
Figure 72. Localization of damage and location of z-crowns in 3DT1-f2 full-field axial strain overlay 
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The z-displacement of z-crowns were then calculated and to compare with 𝜖𝑥𝑥̅̅ ̅̅ , 𝜖𝑦𝑦̅̅ ̅̅  and 
AE data to identify possible relations between these NDT monitoring techniques. The 
resulting plots are shown in Figure 73. 
 
Figure 73. NDT data in 3DT1-f2. a) Z-displacement, b) Avg. full-field strain and c) Cumulative counts and 
energy. 
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It can be observed that between the beginning of the test and point A in Figure 73, drastic 
trend changes are visible in all 3 plots: (i) the majority of the z-crowns display an increase 
in z-displacement, while others such as z1 – z4 do not, possibly corresponding to a 
different initial damage state, (ii) 𝜖𝑥𝑥̅̅ ̅̅  drops before it stabilizes at B, (iii) AE events with 
moderate energy/moderate count and above occurred. Points B and C are other instances 
at which changes in z-displacement correspond to changes in AE data.  
 
The most interesting observation in Figure 73 occurs at point D, because a significant 
change of z-displacement occurs, resembling a pop-out’s behavior, while at the same time 
significant changes in 𝜖𝑥𝑥̅̅ ̅̅  and 𝜖𝑦𝑦̅̅ ̅̅  curves occur along with some AE data registered. 
Regarding the pop-out behavior, in this case this can be considered a progressive pop-out 
because it is indeed a deviation from a steady z-displacement, however it does not occur 
in an instantaneous manner as in monotonic loading, but develops over a number cycles. 
Notice that at D, the z-displacement is negative, i.e. a progressive pop-in, which later 
becomes positive, i.e. the usual pop-out. This behavior is more evident in in z1 – z4, where 
z2 and z4 has already exhibited a smoother pop-in between points A and B at the 
beginning of the test. 
 
To provide insight into whether the drops in magnitude of 𝜖𝑥𝑥̅̅ ̅̅  and 𝜖𝑦𝑦̅̅ ̅̅  were DIC 
calculation errors from localizations at the edges or true material behavior, a new ROI 
was determine to exclude 𝜖𝑥𝑥 and 𝜖𝑦𝑦 edge localizations visible up to ultimate failure, as 
shown in Figure 74a and then average values plotted in Figure 74b. Recall that as in all 
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DIC-based plots in this chapter, the ROI trend does not include deformation data from the 
immediate start of the test since the images at maximum stress were acquired after the 
first complete fatigue cycle, as controlled by the DIC code. Therefore the fact that the 
ROI’s 𝜖𝑥𝑥̅̅ ̅̅  initial trend decreases in magnitude in the first few cycles is only an indication 
that by the completion of the first fatigue cycle, the coupon was highly contracted as 
expected, however with fatigue-induced damage it began to soften in the transverse 
direction, until it reaches a stable value at maximum fatigue loading states. In addition, 
the ROI does not include the material closer to the edges, which displaces the most upon 
the application of load.  
 
The plots in Figure 74b indeed show significantly different behaviors between the ROI and 
Macro values. Quantitatively, the ROI curves are more trustworthy because the 
magnitude of the transverse deformation is of the appropriate order when compared to 
monotonic strain data, as opposed to the magnitude of Macro values, even if both the 
ROI and Macro 𝜖𝑦𝑦̅̅ ̅̅  curves have similar magnitudes. 
 
Interestingly, ROI and Macro curves show significantly different trends after point D, 
repeated in Figure 74b to correspond to point D in Figure 73, which has significant 
implications in the relation that can be made between the initiation of progressive pop-
outs to changes in 𝜖𝑥𝑥̅̅ ̅̅  and 𝜖𝑦𝑦̅̅ ̅̅  and AE events. Recall that in Chapter 4 it was determined 
that the z-binder prevented the accelerated contraction after 𝜖𝑖 that otherwise would 
happen as observed in its 2D counterpart, which means that once the transverse 
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reinforcement provided by the z-binder is overcome, contraction should increase not 
decrease. In fact this exact behavior is indicated by the ROI 𝜖𝑥𝑥̅̅ ̅̅  curve after point D, which 
is when damage related to z-binders appears in form of progressive pop-outs. On the 
other hand when the edges are included in Macro calculations, a decrease of transverse 
strain is observed, which disagrees with the empirical observations in Chapter 4. 
Moreover after point D, Macro 𝜖𝑦𝑦̅̅ ̅̅  shows that longitudinal strain decreases, which is the 
incorrect mechanical behavior based on the test setup. In fact the trend in ROI 𝜖𝑦𝑦̅̅ ̅̅  shows 
that the z-binder enhances the contact between the different plies because once z-binder 
damage appears, ROI 𝜖𝑦𝑦̅̅ ̅̅  increases after point D. 
 
Figure 74. Effect of excluding edge localizations in Strain progression of 3DT1-f2. a) ROI chosen to 
exclude localizations in both strain, b) Comparison between macro and ROI average strain curves 
Based on the ROI analysis it can therefore be concluded that the change in magnitude 
after point D in both 𝜖𝑥𝑥̅̅ ̅̅  and 𝜖𝑦𝑦̅̅ ̅̅  was induced by calculation error, not related to the 
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material’s mechanical performance. Moreover this analysis also explains the reason why 
the hysteresis loops shifted to the left in Figure 71a after LF=75%, as damage in the 
coupon resulted in less accurate 𝜖𝑦𝑦̅̅ ̅̅  calculations. Even though Macro calculations are 
more sensitive to damage, this shows that hysteresis loops and strain curves based on 
average values should only be used as indication of damage, not as representative 
mechanical behavior. 
 
Further, the fact that damage initiated at the edges indicate that free edge effects took 
place, related to higher stress concentration at the edges of the coupon due to 
interlaminar shear stresses caused by the different elastic properties of individual plies 
[37, 98]. Moreover edge effects can also be coupon specific such as damage introduced 
from the fabrications of the specific coupon as well as influence by the location of the 
cutting plane with respect to specific features of the weave architecture, i.e. tows and z-
binder. It must be noted that these edge effects were not as significant under monotonic 
loading conditions, therefore were considered negligible. 
 
5.3.2 3DT1-f3 
This coupon failed sooner than 3DT1-f1 and with a clean fracture inside the lower tab, 
without any drastic tow pull-out as seen in 3DT1-f2 test. The hysteresis loops and 𝜖𝑦𝑦 
maps are shown in Figure 75. In this case the maximum axial strain reached was 1.05%, 
which is lower than in the 3DT1-f2 test. Therefore the premature failure could be 
attributed to manufacturing defects or geometrical flaws in the composite, which would 
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have the most impact in fatigue testing.  
 
Figure 75. Fatigue test results for 3DT1-f3. a) Hysteresis loops, b) 𝝐𝒚𝒚 strain maps at 𝝈𝒎𝒂𝒙 at different LF. 
Note that at LF = 99% a low strain localizations along a tow had already appeared as 
indicated in Figure 75, previously absent at LF=84%. This indicates that longitudinal 
deformation decreased along this weft tow, meaning that it probably debonded form the 
rest of the coupon, resulting in significantly less load transferred to it and therefore 
deforming less in the longitudinal direction. In fact along this same tow, 𝜖𝑦𝑦 at z-crowns 
also decreased. The z-displacement monitoring setup is shown in Figure 76 and the 
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corresponding plots for z-crowns 1,3,7,14,15 and 21 along with 𝜖𝑥𝑥̅̅ ̅̅  and 𝜖𝑦𝑦̅̅ ̅̅  and AE data 
shown in Figure 77. Throughout the test the material shows uniform deformation without 
any drastic changes until ultimate failure, as opposed to results in 3DT1-f2 and later 3DT1-
f6, even though the expected longitudinal strain pattern was displayed showing hot-spots 
at z-crowns.  
 
Figure 76. Labelled z-crowns in 3DT1-f3 to track z-displacement 
Coincidently, all z-crowns displayed a popping-in behavior at the start of the test, 
therefore premature failure and these pop-ins could be related. Towards the end of the 
test at point B, the z-displacement trend in some z-crowns changes, such as in z1,z3 and 
z7, at which high count/high energy AE events take place. Therefore even though the z-
displacement did not occur as a consistent pop-out as expected, changes in this measure 
still occur around 75% of the material, therefore still useful as an indication of damage. 
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Figure 77. NDT data in 3DT1-f3. a) Z-displacement, b) Avg. full-field strain and c) Cumulative counts and 
energy. 
 
5.3.3 3DT1-f6 
This was the longest lasting 3DT1 coupon and broke inside the top tabbed portion of the 
coupon. Its hysteresis loops are shown in Figure 78. Note that loops are only shown up to 
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LF = 85% because after this LF, significant damage developed which caused high 
localizations. The progressive damage and its effects on the strain field are shown in 
Figure 78b up to 99% of the coupons life, which shows that the reason why the odd-
shaped loop such as the one at LF = 85% appeared was due to inaccurate calculation. 
Moreover note that after LF = 78%, the subsequent hysteresis loops begin shifting to the 
left, included solely as an indication of damage.  
 
Figure 78. Fatigue test results for 3DT1-f6. a) Hysteresis loops, b) Full-field axial strain at 𝝈𝒎𝒂𝒙 at 
different LF. 
Considering hysteresis loops up to LF = 78%, a similar degree of creep behavior can be 
seen as in 3DT1-f2, where the maximum 𝜖𝑦𝑦̅̅ ̅̅  reached was 1.15%. Therefore comparing 
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creep behavior between the 2D and 3D fatigue data sets, it can be seen that the z-binder 
reduces creep, making the material more rigid, however more brittle as well in the sense 
that the through-thickness reinforcement reduces fatigue life as mentioned before. 
 
The low strain localizations in weft tows seen in the previous tests also occur here, which 
increases the confidence on these observations. In this test however, the delamination 
occurs right within the strain FoV at weft tows displaying low strain localizations. Note 
that this happens in two different weft tows as one initiates by 82% and the other begins 
by 85% of the coupons life, therefore this further confirms the direct relation between 
low strain localizations and weft tow debonding. To determine if this damage can be 
detected by monitoring z-displacement, the z-crown setup shown in Figure 79 was used, 
where the z-crowns located along the three weft tows that debond on the left half of the 
coupon were color coded.  
 
Figure 79. Labelled z-crowns in 3DT1-f6 to track z-displacement 
The NDT comparison plots were then computed in Figure 80, however in this case an ROI 
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analysis was not possible because damage occurs within the strain map instead of only at 
the edges as in 3DT1-f2, therefore average strain data after LF = 78% is to be used as 
damage indication only. In the beginning of the experiment up to point A, it can be seen 
from Figure 80 that all z-crowns exhibit positive z-displacement accompanied with 
moderate energy/moderate counts AE events. Throughout this period 𝜖𝑦𝑦̅̅ ̅̅  shows an 
increasing trend, however once z-displacement is almost steady by point A, 𝜖𝑥𝑥̅̅ ̅̅  shows 
significant contraction that had already began a few cycles before. These observations 
further agrees with the claim that the major role of the z-binder is to provide transverse 
reinforcement; once this progressive pop-out takes place, which has been proven to be 
an indication of the z-binder’s inability to provide transverse reinforcement, the coupon 
is shown to contract significantly until a new transverse deformation state is reached. 
 
Further, it is worth noting that initially all z-crows exhibited positive z-displacement as 
opposed to z1 – z4 in 3DT1-f2 which did not and in 3DT1-f3 where all popped-in, which 
coincidently lasted the least cycles from all 3DT1 fatigue tests. Moreover this initial 
progressive pop-out stabilized by 1,000 and 3,000 cycles in tests –f2 and –f6, respectively, 
whereas the pop-ins stabilized by 400 cycles in test –f3. Therefore the way in which the 
z-displacements develop could potentially be used to indicate a measure of quality of the 
composite.  
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Figure 80. NDT data in 3DT1-f3. a) Z-displacement, b) Avg. full-field strain and c) Cumulative counts and 
energy. 
Between the start and point B, moderate energy/moderate count AE events take place 
up to point B, much after z-displacement had stabilized at A. At point C, a significant drop 
in 𝜖𝑥𝑥̅̅ ̅̅  is observed, at which a small bump in z-displacement initiates, along with some low 
energy/low count AE events. Notice that up to and after C, the occurrence of AE events 
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decreased however it dramatically increases at point D, which is when damage was shown 
to be visible in Figure 78 at 43,900 cycles (LF = 78%). In Figure 80b at point D it can be 
seen that high energy/moderate count events take place, which later occur only at 
ultimate failure. Additionally, higher moderate counts with higher energies occur as well 
up to failure, which is why the distribution of AE at point D resembles a step instead of a 
single peak at that point. This means that upon the debonding, damage progressed, as 
confirmed visually in Figure 78b. Sample waveforms of the different AE events are shown 
in Figure 81, and which can be seen to be different those observed in 2DT1 coupons. 
 
Figure 81. AE hit energy and counts plot with sample waveforms for 3DT1-f6. 
More interesting however, is the fact that progressive pop-outs appear which happens 
with the onset of higher energy AE data, as well as significant changes in 𝜖𝑥𝑥̅̅ ̅̅  and 𝜖𝑦𝑦̅̅ ̅̅ , 
which as clarified before, are not representative of mechanical behavior, only indications 
of damage. Focusing on the z-crowns located at the three weft tows that show 
delamination, these show a larger progressive pop-out, however some z-crowns along 
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the next adjacent weft tow as well, such as z10. The z-crowns along further weft tows 
display more subtle changes in z-displacement as well, which possibly indicate the 
initiation of new debonding developing, or rigid body motion as a result of damage 
affecting the overall shape and surface topology of the coupon. Regardless of the location 
of the z-crown, it can be seen that once a progressive pop-out occurs, it can be predicted 
that the material has approximately 75% useful life remaining before it fails.  
 
5.4 Major Observations 
Averaged values such as 𝜖𝑥𝑥̅̅ ̅̅  and 𝜖𝑦𝑦̅̅ ̅̅  have been shown to be effective approaches at 
detecting in-plane damage mechanisms, where by “detecting” refers to drastic changes 
in 𝜖𝑥𝑥̅̅ ̅̅  and 𝜖𝑦𝑦̅̅ ̅̅ . This depends on the type of damage occurring as it might be detected by 
both 𝜖𝑥𝑥̅̅ ̅̅  and 𝜖𝑦𝑦̅̅ ̅̅  or only one parameter. The proof for this was shown in Figure 68, where 
the debonding crack growth was only detected in 𝜖𝑥𝑥 maps. Moreover this emphasizes 
the importance of closer analysis on full-field measurements made on woven composites, 
such as ROI analysis to calculate true mechanical behavior in Figure 74. 
 
The damage state of the 3D composite can be effectively monitored by progressive pop-
outs, which is confirmed by visible damage in raw DIC images, changes in full-field data, 
and peaks in AE data, therefore providing a hybrid progressive damage monitoring 
approach. With more experimental verification needed, these out-of-plane damage 
indicators are related to tow debonding and predicts when the material has 
approximately 25% of useful life left, assuming the material has no significant 
117 
 
manufacturing flaws that could cause a premature failure as seen in 3DT1-f3. In this case, 
z-displacement monitoring can potentially be applied to check the quality of the material 
by monitoring whether the z-crowns pop-out or pop-in with the first fatigue cycles, the 
latter being an indication of poor manufacturing or damage in the material. Moreover 
due to the issue with average full-field values, damage progression monitoring can 
complemented by monitoring z-displacement as this involved tracking the coordinate of 
single facet centroid points, therefore unaffected by any post-processing calculations, 
such as strain.
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CHAPTER 6: DAMAGE INSPECTION 
 
Given that the identified pop-outs played a role of a damage precursor in 3DT1 type 
coupons, it was important to further determine the type of damage that they were 
associated with. To this aim, several coupons were inspected using techniques such as 
Scanning Electron Microscopy (SEM) and micro-computed tomography (micro-CT). Table 
13 outlines the names of the coupons as well as the details of the inspections presented 
in this chapter: 
Table 13. Coupons used for inspection 
Coupon Description Inspection Method 
3DT1-p Pristine Micro-CT 
3DT1-1 Ultimate failure Micro-CT 
3DT1-u2 Ultimate failure SEM 
3DT1_m1 Monotonic, stopped at 𝜖𝑖 Micro-CT 
3DT1_m2 Monotonic, stopped after 𝜖𝑓 Micro-CT 
3DT1_fn1 Fatigue, stopped after 6000 cycles Micro-CT 
 
6.1 SEM Imaging 
SEM imaging was performed first on the 3DT1-u2 coupon to collect preliminary 
information on major damage mechanisms and to determine the resolution to be used in 
micro-CT scans. The SEM images were acquired on a Phillips FEI XL30 Scanning Electron 
Microscope [99] with the settings outlined in Table 13: 
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Table 14. SEM Acquisition Settings 
Parameter Value 
Voltage 1 kV 
Magnification 35x 
Working Distance 14.2 mm 
 
With this setup the failure surface of the 3DT1-u2 coupon is shown in Figure 82, where 
the scanned region is indicated in the inset image. Several damage mechanisms were 
found along the failure surface including: (a) z-fiber boundary cracks, (b) weft tow 
transverse crack, (c) interfacial crack, corresponding to the labels in Figure 82. 
 
Figure 82. SEM Micrograph of fractured surface section showing damage mechanisms and weave 
features. 
Recalling from Chapter 4, there were two trend changes associated with pop-outs based 
on measurements taken at z-crowns, namely a sudden step in: (i) the line gage 
measurement orientated in the x-direction, and (ii) displacement of a coordinate point in 
the z-direction. Based on this, b-type cracks resulted from the tensile stresses in the x-
z
y x
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direction developed by its expansion, as shown by measurements in Figures Figure 51 and 
Figure 55. Notice that all four cracks in Figure 82 have lengths and opening approximately 
of 500 µm and 10 µm, respectively. 
 
6.2 Micro-Computed Tomography 
As mentioned in Chapter 2, a limitation of SEM imaging is that it cannot acquire data 
inside the volume of the material, therefore requiring destructive techniques such as 
sectioning and polishing of a material sample to inspect damage within the volume of the 
material. This extra work and any damage artificially inflicted by this process is avoided 
using micro-CT. 
 
6.2.1 Micro-CT Setup 
The Micro-CT was carried out on an Xradia Zeiss Versa XRM-520 [100] and the tomograms 
were then constructed and analyzed qualitatively using the freeware Fiji [101] software.  
All scans were acquired using the parameters presented in Table 15. 
 
The decision to use a resolution of 10 µm per voxel is explained as follows. It has been 
concluded [40, 102, 103] that the smallest resolvable feature in digital imaging is about 2 
– 3 pixels. In the case of the Versa 520 which has a X-ray detector of 2000 pixels, this 
means that in full-object imaging, the resolution cannot be better than approximately 
1/1000 of the object’s dimension, therefore the resolution achieved depends significantly 
on the sample size. In some cases samples have been cut into smaller pieces to achieve 
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the desired resolution [40], however this was not desired. Therefore based on the 
resolution guidelines above, the constraints of the measurements using the micro-CT, and 
the size of cracks in Figure 82, a 10 µm/voxel resolution was used which provided 
satisfactory results. Moreover, additional scans were made on the 3DT1-1 coupon using 
the appropriate working distance to achieve other resolutions of 6 µm and 25 µm voxel 
size scans, however these were either too small or only captured one z-crown, or they did 
not actually resolve cracks. On the other hand, a 10 µm/voxel resolution captured 
approximately a volume of 1 cm3, therefore it provided more than one z-crown to inspect, 
while the resolution was high enough to detect cracks similar to those in Figure 82.  
Table 15. Micro-CT Acquisition Settings 
Parameter Value 
Detector 196 mm (2k x 2k pixel) 
Filter LE1 
Voltage 80 kV 
Power 7.0 W 
Volume Field of view 1 cm3 
Pixel/Voxel Size 10 µm 
Exposure 5 s 
Acquisition time Approx. 2 hours 
 
To further ensure that cracks are visible in tomograms, a dye penetrant is often used that 
stains the cracks and enhances their contrast due to the dye’s different X-ray attenuation. 
There are different dye penetrant solutions in research and commercially such as 
tetrabromoethane, diiodobutane, diiodomethane and zinc iodide, however the first three 
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are derived from halogenated organic compounds and therefore toxic to humans [104]. 
On the other hand, zinc iodide (ZnI) is not toxic and no effect has been observed on 
mechanical response [104] or damage mechanisms [81]. To provide more wettability and 
further contrast enhancement, zinc iodide is often mixed with Kodak Photo-Flo 200, 
ethanol and water. 
 
Figure 83. 3DT1-m2 immersed in dye penetrant 
However a limitation of this method is its dependence on capillary action and the spatial 
spread of the system of cracks, since isolated cracks within the volume cannot be reached 
by the dye. Nevertheless, this approach has been shown to potentially detect fully 
impregnated cracks with opening of <5% of pixel size [105]. For this reason the staining 
approach was tested for the scan of coupon 3DT1-m2, however no significant 
enhancement improvement was achieved due the cracks closed shut upon unloading. It 
has been demonstrated that the most effective way to stain the cracks is by applying the 
dye under load [78, 79], but this was not a possible option in this investigation. Therefore 
as it will be shown, only 3DT1-m2 was dyed with the setup shown in Figure 83, using a 
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dye penetrant composed of 60 g of ZnI, 10 ml of water, 10 ml of ethanol and 10 ml of 
Kodak Photo-Flo 200 [79].  
 
The FoV of the coupon to be scanned was determined based on full-field data, specifically 
selecting regions where sudden hot-spots occurs, as they were shown to be directly 
related to sudden pop-outs in Chapter 4. Then the region was outlined on the painted 
surface of the coupon using tape as shown in Figure 84, such that the FoV boundaries 
could be detected to ensure that the desired region would be scanned.  
 
Figure 84. FoV of micro-CT scan, with z-crown locations outlined with a pen 
The material was then volume-rendered by stacking the individual tomograms in Fiji. 
Throughout this chapter the different orthoslices inspected are identified here using the 
naming convention shown Figure 85, where Figure 85a shows the orientation of the 
coupon inside the micro-CT scanner with the loading direction in parenthesis, and Figure 
85b shows the different orthoslice planes based on the coordinate system used 
throughout this thesis: 
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Figure 85. Diagram of: a) coupon orientation for micro-CT scans, b) orthoslice plane orientations 
Note that in the ZX and YZ orthoslices, there will be a visible white edge that corresponds 
to the DIC painted surface, therefore indicating along which surface full-field data is 
available. Also the ZX-slices will be taken as if viewing from the bottom as follows: 
 
Figure 86. Slice viewing orientations 
 
6.2.2 Preliminary Inspections 
As a preliminary analysis, a pristine sample was first analyzed to characterize the 3DT1 
unloaded state. To achieve this, three differently orientated orthoslices were computed 
as shown in Figure 87. Note that the DIC edge is labelled in Figure 87a, which is brighter 
and flatter than the opposing edge. 
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Depending on the location of the ZX-slices, different constituents of the composite 
architecture were monitored. For example when the z-binder is visible, significantly more 
matrix voids can be seen within the large matrix pockets, whereas in the next ZX-slice 
what is visible are the smaller matrix pockets outline by the black dotted regions, as well 
as the warp tow. In the XY-slices taken at the two locations indicated in Figure 87a, either 
the weft or the warp plane are visible. In XY 1, the first weft tow laminate plane below 
the DIC surface is shown along with the locations of the z-crowns. In XY 2, the cross-
sections of the segments of the z-binder stitches that goes through the material are 
indicated. The actual puncturing segments in visible in YZ 1 in Figure 87c. 
 
From scans in Figure 87 it can be seen that the material has significant manufacturing 
defects due to porosity, which is a collection of voids within a region. This type of defect 
is present in the meso-scale as indicated in the matrix pocket in Figure 87a, as well as in 
the micro-scale displayed as black dots in the tow cross-sections, more visible in YZ 1. The 
extent and size of the voids are direct results from the liquid molding in the manufacturing 
process and is a primary quality factor [106]. These type of voids decrease the mechanical 
performance, especially voids within the fiber [27]. However, almost no degree of 
distortion or crimp in the tows due the z-binder can be seen in XY 2, especially under the 
z-crowns which are the bumps along the right vertical edge of XY 2. 
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Figure 87. Pristine 3DT1 Tomograms: a) XZ-orthoslice, b) XY-orthoslice of weft 1 and warp 1 in a), c) YZ-
orthoslice of slices 1 and 2 in a). 
y
x
y
z
weft 1
matrix pocket
XY 1
XY 2
1
21
2
a)
b) c)
weft 1
warp 1
matrix voids
z
x
1000 µm
1000 µm
1000 µm1000 µm
1000 µm
z-binder
z-crown DIC edge
XY 1
XY 2
1000 µm
127 
 
With the meso and microstructure of the weave determined, damaged coupons were 
inspected next. Different types of identified damage will be color-tagged as indicated in 
Figure 88 as follows: matrix fracture – fracture developed in a matrix pocket, Transverse 
Crack – vertical crack developed in the cross-section of a weft tow, Debonding 1 – 
horizontal debonding crack developed between the first weft tow plane and the first warp 
tow plane from both side, and Debonding 2 – debonding crack at a tow/tow or tow/matrix 
boundary within the material volume not considered in Debonding 1. Note that the 
purpose of this inspection is to determine the damage mechanism associated with the z-
crown pop-out, characterized by a sudden step in 𝑢𝑥𝑥 and 𝑢𝑧𝑧 as discovered in Chapter 4. 
With this is mind, the most relevant mechanisms in Figure 88 would therefore be 
Transverse Fractures and Debonding 1 cracks. 
 
Figure 88. Damage labelling convention on ZX-plane 
As a representative state of damage at ultimate failure, an unspecified region within the 
middle of the 3DT1-1 coupon was scanned. Figure 89 shows an inset diagram of the 
structure of the volume FoV, along with numbered ZX-slices, and the corresponding actual 
micro-CT slices on the right. All visible damage is indicated by color-tagged arrows as  
Matrix Fracture Transverse Fracture
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Debonding 1
1000 µm z
x
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Figure 89. Diagram of scanned volume of 3DT1-1 coupon with numerated ZX-slice locations, with 
corresponding micro-CT ZX-slices with labelled damage mechanisms. Note that slice 2 shows only the 
non-DIC edge, and slices 6 and 7 show only the DIC side. 
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indicated in Figure 88, however due to contrast and resolution capabilities, it is possible 
that other micro-cracks are not visible. 
 
The primary observable damage mechanism within the scanned volume were Debonding 
1 cracks and Transverse cracks. Interestingly, in XY slices 5 and 7, both these types of 
damage mechanisms are visible within the same weft tow directly under a z-crown. 
Debonding 2 cracks can be seen to spread along some matrix voids as well. Moreover, by 
inspecting other orthoslices, different views provide more detail of the crack’s shape, as 
well as displaying cracks otherwise not detectable using other orientations.  
 
For example when inspecting YZ-slices in Figure 90, it can be seen that cracks 1 and 2 
indicated in Figure 89 at ZX-slices 1 and 5 have unique shapes, illustrated in Figure 90b 
and c, respectively. Both these cracks developed below a z-crown, however crack 1 has 3 
three dimensions as it grew between two different tow laminate boundaries, whereas 
crack 2 has only two dimensions since it grew along a single laminate boundary plane. 
Both these cracks have already been seen at the edges of coupons as signs of debonding 
and delaminations [98]. Also, both these cracks expand distances of about the thickness 
of a tow in the x- and y-direction, however in the x-direction, z-binders mitigate the 
further growth since no cracks have been observed here to grow in the z-binder stitch 
until ultimate failure, such as the interfacial cracks shown in Figure 82.  
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Figure 90. YZ-slices showing two different type of cracks below two z-crowns. The z-crown’s spatial path 
is indicated by arrows and the white ellipse in YZ-slice 2 indicating their cross-section. 
 
6.2.3 Damage Inspection of Start/Stop 3DT1 Tests 
Based on the relationship between AE energy event accumulations and z pop-outs at 𝜖𝑖, 
two monotonic start/stop test were performed and stopped approximately at 𝜖𝑖 and after 
𝜖𝑓. This was possible because AE energy could be monitored real time with the AE setup 
used, therefore the appropriate changes of trend in AE energy were used as alarms to 
indicate when 𝜖𝑖 and 𝜖𝑓 had been reached. 
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Once both tests were completed, in order to determine what region of the coupon to 
scan, full-field data was inspected to find the z-crowns where sudden 𝜖𝑦𝑦 hot-spots 
occurred, as they are directly related to sudden pop-outs. This approach was also more 
efficient as opposed to tracking the z-displacement of all the available z-crowns. Figure 
91 shows the 𝜖𝑦𝑦 maps at the 𝜖𝑦𝑦̅̅ ̅̅  values when the first hot-spots appeared, indicated by 
the dotted circles, and the last deformation state which is when the test was stopped. 
Then the z-displacement of a coordinates at the z-crowns that displayed sudden hot-spot 
were analyzed, such as those indicated by arrows in Figure 91. Indeed sudden z-crown 
pop-outs occurred, as shown in Figure 92 for both –m1 and –m2 tests, along with 
deformation and AE data. Therefore the volume bounded by the regions within the black 
boxes in Figure 91 were selected to be scanned with micro-CT, which included the hot-
spot, as well as z-crowns: (i) without hot-spots in –m1, and (ii) at which progressive pop-
outs outs were visible in –m2.   
 
Figure 91. Development of 𝝐𝒚𝒚 hot-spots around 𝝐𝒊 and after 𝝐𝒊 
In the 3DT1-m1 case, a z pop-out can clearly be seen in z-crown 20 very close to 𝜖𝑖 ≈ 
0.74%, further confirming that AE energy initiation announces the initiation of pop-outs. 
3DT1-m1 3DT1-m2
= 0.777% 0.781% 0.81%
0.788%
0.852% 0.855% 1.308%0.962%
132 
 
The fact that the first hot-spot in 3DT1-m1 occurred at 𝜖𝑦𝑦̅̅ ̅̅  = 0.781% which is still not 
exactly 𝜖𝑖 only means that a pop-out probably occurred on the reverse surface of the 
coupon where no DIC data was obtained. Moreover notice the first drastic change in 𝜖𝑥𝑥̅̅ ̅̅ , 
labelled as 𝜖𝑥, which happens before 𝜖𝑖 as it was shown in Chapter 4. Interestingly, notice 
in Figure 92 that right before z-crown 20 appears to pops-out, all z-displacement curves 
show a period of slight disturbance, which could be attributed to possible damage that 
precedes visible/quantifiable pop-outs, which was not further investigated in this work. 
 
Figure 92. NDT and deformation data for tests stopped after 𝝐𝒊 (3DT1-m1) and after 𝝐𝒇 (3DT1-m2). 
Similar observations can be made in the 3DT1-m2 case, where again the observable pop-
outs happen a little later than 𝜖𝑖, and again, 𝜖𝑥 occurs before 𝜖𝑖 which is more noticeable 
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in this case than in 3DT1-m1. The nature of the progressive pop-outs can be observed as 
well through z-crowns 20 and 21, which are located along the same weft tow at which a 
sudden pop-out occurred, i.e. z-crown 21. This provides further evidence on the notion 
of sudden pop-outs being stress-relief mechanisms. 
 
Damage inspection was therefore performed on both coupons as shown in Figure 93 and 
Figure 94 for 3DT1-m1 and 3DT1-m2, respectively, revealing damage exactly at z-crowns 
that popped-out in both cases. In 3DT1-m1 a Debonding 1 – type damage mechanism was 
found exactly under the z-crown 20 which had popped-out, indicated by the red arrow in 
ZX-slice 2 in Figure 93. This inspection provides empirical evidence that the pop-out is 
related to this type of damage mechanism. Notice in ZX-slice 5 that some cracks have 
developed as well under z-crown 32, however based on z-displacement data in Figure 92, 
these cracks did not release sufficient energy to cause a sudden pop-out, however they 
could still cause a progressive pop-out if further load had been applied. Further analysis 
on z-crown 20 by monitoring the length of a line gage in the x-direction revealed a jump 
length as well, meaning that the damage mechanism causing the pop-out had 
components in the x- and z-directions. This is could be explained by two scenarios: (i) a 
single Debonding 1 crack opened in both the x- and z- directions, or (ii) two different 
cracks occurred in the two different directions, i.e. a Debonding 1 and a Transverse Crack.  
 
134 
 
 
Figure 93. Damage mechanisms in 3DT1-m1 in different ZX-slices. Debonding 1 – type crack can be 
observed under z-crown that displayed z pop-out. 
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Figure 94. Damage mechanisms in 3DT1-m2 in different ZX-slices. Different types of damage related to 
sudden and progressive pop-outs. 
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In the inspection of 3DT1-m2, some cracks appear brighter due to the immersion in the 
dye penetrant for about 4 hours, however there are still some cracks visible that have not 
been stained. Damage can again be found under the z-crown that popped-out, z-crown 
20, however in this case it was a Transverse Crack, which also displayed a jump in line 
gage length. Therefore based on these results, it seems that the pop-out is caused by two 
different cracks, however more investigation would be needed to confirm this. Note that 
in z-crown 30 in ZX-slice 3, both a Debonding 1 and Transverse Cracks as visible, which 
implies again that two different cracks cause a pop-out even though this z-crown is 
located on the reverse side of the coupon. Transverse cracks are also visible in z-crown 
19 and z-crown 20, which displayed a progressive pop-out behavior, meaning that these 
cracks did not release enough energy to result in a sudden pop-out. Finally, a Debonding 
2 crack is visible and indicated by the blue arrow, which suggest that this in the next step 
in damage progression once pop-outs have occurred. 
 
These type of damage mechanisms have already been reported in a similar monotonic 
tension study of a hybrid 3D woven composite in the same T1 orientation [79], with ZX-
slices as shown in  Figure 95. These tomograms were taken at the 𝜖𝑦𝑦̅̅ ̅̅  (the study also used 
DIC to determine 𝜖𝑦𝑦̅̅ ̅̅ ) values shown, however for comparison purposes, these were 
normalized and converted to the corresponding strain based on the material in this thesis, 
𝜖𝑦𝑦̅̅ ̅̅ 𝑛, shown in parenthesis. Note that due to the different material, by 𝜖𝑦𝑦̅̅ ̅̅ 𝑛 = 0.62% both 
Debonding 1 and Transverse crack damage are already visible therefore its 𝜖𝑖 is probably 
significantly lower than the material used in this thesis, assuming the same damage 
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progression monitoring technique would be applied. Nevertheless, note that Debonding 
2 cracks occur after Debonding 1 and Transverse crack mechanisms occurred. 
 
Figure 95. Micro-CT images of hybrid orthogonal 3D woven composite stopped and inspected at 
different strain levels. A dye penetrant was used which resulted in the enhanced contrast [79]. 
A start/stop analysis was also performed under fatigue conditions; the test was 
interrupted after 6,000 cycles, using the same fatigue parameters as in Chapter 5. The z-
crowns were tagged and the region to inspect is shown in Figure 96. The analysis involved 
the same approach as in Chapter 5, with the NDT as data shown in Figure 97, however 
since the focus of this section is on damage inspection, only z-displacements of the z-
crowns in the region bounded by the red box are presented.  
 
Figure 96. Labelled z-crowns in 3DT1-fn1 to track z-displacement, and location of micro-CT scan 
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In Figure 97 different types of initial pop-outs up to A can be observed, such as z-crown 
2’s pop-out which is more drastic than z-crown 7, whereas z-crown 11 exhibited a pop-in 
behavior. This qualitative measure regarding nature of the initial pop-out will be reflected 
from this point onwards by color in Figure 97a,Figure 98, and 17 as follows: blue for 
drastic, yellow for non-drastic, and black for pop-in. Once point A is reached high energy 
AE events stop as seen in Chapter 5. At B a small bump is visible in all z-displacement 
curves, at which some moderate energy/low count events can be observed. In Chapter 4 
this type of AE event corresponded to a bump in z-displacement in the 3DT1-f2 case, 
therefore a similar event could have occurred here but on the reverse side of the coupon. 
 
At point C a high energy/moderate count event can be seen however no significant 
changes in trend can be seen in Figure 97a and b.  It is worth noting that by 6,000 cycles, 
3DT1-f2 and 3DT1-f6 had already shown significant drops in 𝜖𝑥𝑥̅̅ ̅̅ . Therefore the lack of 
such decrease could be related to the quality and expected life of the coupon, however 
3DT1-fn1 coupon would have to be reloaded up to ultimate failure to confirm this. 
 
Upon the damage inspection through ZX-slices of 3DT1-fn1 shown in Figure 98, the same 
damage mechanisms can be observed as in the monotonic tests but with greater counts, 
such as Debonding 2 cracks which are more frequent. Moreover notice than in multiple 
instances, both a Debonding 1 crack and Transverse crack are present in the same weft 
tow under a z-crown on both the DIC side such as z9 and z4 and on the reverse side of the 
coupon. If a pop-out would have occurred at these z-crowns, then through fatigue they 
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just opened more. However compared to the type of pop-out observed in Figure 97a, 
there does not seem to be a consistent relation between the type of damage state and 
the nature of the initial pop-out. 
 
Figure 97. Relation between Energy and z-crown z-displacement 
To analyze different views of the type of damages, YZ-slices in Figure 99 were inspected. 
The same two types of cracks described before in Figure 90 were observed at different 
locations of z-crowns. However of interest is the fact that no damage is visible at the 
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location along which the alternating z-binder stitch goes through, such as between any of 
two labelled z-crowns in Figure 98 and Figure 99. This could imply that the z-binder 
provides the appropriate deformation state to activate damage mechanisms, which 
agrees with the hot-spot and z pop-out development. Moreover damage can observed 
along the tow laminates closer to the exterior surfaces, as no damage can be observed at 
either boundaries of the middle warp laminate. This could be attributed to free-surface 
effects which are further enhanced with z-binder structure looping across weft tows to 
form a z-binder. 
 
The inspections of damage through start/stop tests have therefore contributed to 
determine the damage state which cause z-crown pop-outs, the appearance of which 
correlates well with AE data trends. Hence the damage progression of the 3DT1 type 
material can be characterized by the simultaneous initiation of Debonding 1 and 
Transverse Crack, which results in a progressive and sudden z-crown pop-outs, then 
followed by development of Debonding 2 cracks, which lead up to ultimate failure. 
Moreover the resolution used for the micro-CT scans proved to be sufficient to detect 
these micro damage mechanism.  
 
141 
 
 
Figure 98. Location of micro-CT voxel of 3DT1-fn1 coupon and numerated XZ-plane slices over Ey map 
overlay at stopping point. 
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Figure 99. YZ-orthoslices taken along the center of z-binders along a mutual weft tow. 
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CHAPTER 7: CONCLUDING REMARKS 
 
7.1 Conclusion 
The application of AE and 3D DIC allowed a multi-scale damage progression 
characterization in 2D and 3D woven carbon fiber composites. The macro-deformation 
was readily available from the full-field data which provided preliminary differences 
between 2D and 3D woven composites. However these full-field strain maps were then 
post-processed such that meso-deformation measurements were extracted in the form 
of tow and z-binder specific deformation parameters. From this coupling analysis it was 
determined that one of the z-binder’s major role in the mechanical behavior of the 3D 
composite was to provide transverse reinforcement, as observed by the significantly 
different trends in transverse deformation of weft tows and average field measurements 
between the 2D and 3D specimens in Chapters 4 and 5.  
 
In the 3DT1 type coupon, localizations at the z-crown had previously been reported [36] 
which were confirmed in this study, however using 3D DIC, additional out-of-plane 
behavior was observed in the form of z pop-out that occurred at the same time of hot-
spots and high energy AE events. Moreover the nature of pop-outs was found to depend 
on the loading condition, as in the monotonic case it happens instantaneously, while 
under tension-tension fatigue it happens in a progressive manner through several cycles. 
 
The specific damage mechanisms that caused pop-outs in the monotonic case were 
investigated through micro-computed tomography by scanning two 3DT1 coupons that 
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were loaded up to initiation and stabilization of AE cumulative energy, namely 𝜖𝑖 and 𝜖𝑓. 
This analysis revealed that pop-outs are caused by damage developed at weft tows 
directly below a z-crown in the form of transverse or/and debonding cracking. This type 
of damage agrees with the nature of the observed in-plane and out-of-plane 
measurements, and once it develops, the z-binder is no longer able to provide transverse 
reinforcement. In the fatigue case, progressive pop-outs are conjectured to be tow 
delaminations that warns that approximately 25% of useful life remains, based on visual 
inspection of raw photographic images through the test. Therefore confirmation of z pop-
outs as a spatiotemporal damage indicator can be considered as a potential damage 
precursor, which is detectable through 3D DIC and AE. 
 
7.2 Future Work 
Upon the potential uses of z pop-outs as a damage precursor, more tests would be desired 
to improve the metrology methodology involved. For example the contrast quality in 
tomograms could be improved by applying the dye penetrant under load, such that cracks 
and voids would be stained more effectively. This would allow a clearer visualization of 
the material’s damage state and potentially providing more details into the damage state 
at the weft tow that causes the z pop-out. Also more tests could be repeated to further 
increase confidence on the pop-out nature under fatigue conditions, which are more 
realistic loading conditions for the monitoring of z pop-outs. This would yield an AE 
representative database which could be analyzed through clustering techniques to design 
a robust SHM system using more AE features, in addition to counts and energy. 
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The multi-scale hybrid NDT&E approach presented in this thesis has shown to be effective 
at quantifying and characterizing the damage progression in 3D woven composites, 
therefore it would be interesting to apply this approach to other 3D weave configuration 
with different materials, as well as with different orientations, i.e. T4, biased directions 
and angle interlock architectures. This would determine if z pop-outs could become a 
standardized way to characterize and compare the impact of a selected material and 
weave architecture on the mechanical performance of a composite structure. 
Furthermore,  given the physical nature of the pop-outs, they could be monitored with an 
integrated sensor network in composite structures [107]. This could be explored to 
develop another way in which pop-outs can be monitored given their significance and 
damage alarms as it has been found in this thesis. 
 
Out-of-plane z-crown data can be further used to develop damage laws for computational 
models of 3D woven composites. For example a transverse stiffness degradation law 
could be established to simulate the loss of transverse reinforcement when a z pop-out 
occurs. This would allow the mechanical behavior of 3D composites to be captured more 
accurately in FE models. 
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APPENDIX A: POST-PROCESSING Python AND MATLAB CODES 
 
A.1 Interpolation Code 
%% Interpolation 
clear all, close all, clc 
  
load DIC % "load (Existing)" 
load AE  % "load (to be interpolated)" 
E=AE; Int=DIC(:,[1 2]); 
  
% Plot Raw data 
figure 
subplot(2,1,1) 
plotyy(E(:,1),E(:,2),Int(:,1),Int(:,2),'stem','scatter') 
[ax,h1,h2] = plotyy(E(:,1),E(:,2),Int(:,1),Int(:,2)); 
set(h1,'Marker','.'),set(h1,'Linestyle','none') 
title('Raw Data') 
legend('Existing','Int','Location','Northwest') 
  
%   Before interpolating, scale Int data to Desired 
%This is needed because sometimes the time at which the last data point 
was 
%collected does not coincide, meaning that useful data will be lost. 
%However from the experiment it is know that both points correspond to 
%when the coupon failed, therefore they do coincide. 
%Scaling the data set to be interpolated fixes this issue. 
Intn=numel(Int(:,1)); 
Dend=E(end,1); Intend=Int(end,1); 
SF=Dend/Intend 
  
for i=1:Intn 
    IntS(i,1)=Int(i,1)*SF; 
    IntS(i,2)=Int(i,2); 
end 
  
% Plot interpolated data 
NDTi=NDTinterp(E(:,1),IntS); 
subplot(2,1,2) 
plotyy(E(:,1),E(:,2),NDTi(:,1),NDTi(:,2),'plot','plot') 
[hAx,h1,h2] = plotyy(E(:,1),E(:,2),NDTi(:,1),NDTi(:,2)); 
set(h1,'Marker','.'),set(h1,'Linestyle','none') 
title('Interpolated Data') 
legend('Source','DesiredInterp','Location','Northwest') 
  
% Save interpolated data to Excel file named 'filename' 
filename='3D_T1,3_1_strain2.xlsx'; 
Time=NDTi(:,1); NDTinterp=NDTi(:,2); 
Data=table(Time,NDTinterp); 
writetable(Data,filename,'Sheet',1,'Range','A1') 
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A.2 Fatigue Post-Processing Code 
%The following code extracts DIC measurements at max stress levels. 
%NOTE: this code assumes that 13 images are taken for a whole cycle, 
then 
%10 images @ Smax = total of 23 images 
%Create an excel file as follows: |cycles|Stress|x1|..|xn|. Open this 
file 
%in MATLAB, select the whole table and click "Import Selection". Call 
this 
%variable "D", save it in the workspace, then run the code. 
clear all, clc 
%----------------------------------------------------------------------
- 
  
% Name new file to be created 
prompt = {'Enter file name size'}; 
dlg_title = 'Filename'; 
num_lines = 1; 
def = {'coupon_var_SmaxAdjust'}; 
answer = inputdlg(prompt,dlg_title,num_lines,def); 
filename=[char(answer) '.xlsx'] 
  
% 1. Extract Raw data 
load 'D.mat' 
Nmax=max(D(:,1)); %Max number of cycles 
Xmax=max(max(D(:,3:end))); %Max value in variable range to extract 
Xmin=min(min(D(:,3:end))); %Min value in variable range to extract 
figure(1) 
subplot(2,1,1) 
plot(D(:,1),D(:,3:end)) % cycles vs z-disp 
axis([0 Nmax Xmin Xmax]) 
xlabel('cycles'), ylabel('variable'), title('Raw Data') 
  
% 2. Find values @Smax withing data groups of 23 values 
%    (10 Smax,13 per cycle. Change accordingly) 
m=numel(D(:,1)) % total number of entries 
T=floor((m/23)) % find number of groups of 23 and round down 
L=m-T*23 % values @Smax left out of T groups which will be added later 
  
n=0:1:T-1; % n vector will be used to get 10 values every 13 values 
m=numel(n); %checking that n has T entries 
  
% Gather Smax data in zm 
for i=1:m 
    zm((1+10*n(i)):(1+10*n(i)+9),:)=D((14+23*n(i)):(14+23*n(i)+9),:); 
end 
  
% 3. Add values @ Smax at the end of data that are not in group a of 10 
k=find(D(:,1));   % k indices start at 2 because D(1,1) is zero 
kL=k(T*23:end,:); % therefore no need to add a "+1" here. 
nkL=numel(kL)    % Number of elements left which might have Smax values 
MaxkL=nkL-13    % Number of elements @ Smax left 
  
if MaxkL>0 
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        zm((T*10+1):(T*10+MaxkL),:)=D((T*23+14):end,:); 
else 
end 
  
% 4. Compare data and save zm to excel file 
subplot(2,1,2) 
plot(zm(:,1),zm(:,3:end)) 
axis([0 Nmax Xmin Xmax]) 
xlabel('cycles'), ylabel('variable'), title('Values @ Smax') 
  
Cycles=zm(:,1); Stress=zm(:,2); z=zm(:,3:end); 
Data=table(Cycles,Stress,z); 
writetable(Data,filename,'Sheet',1,'Range','A1')
  
 
 
